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Abstract 

Functionally  graded  materials  (FGMs)  offer  benefits  for  thermal  barrier  coating  (TBC) 
systems  for  aircraft  and  power  generation  gas  turbines.  A  preferred  FGM,  including  the 
insulating  ceramic  outer  surface  and  a  graded  inner  structure  on  a  superalloy  substrate, 
will  act  both  to  minimize  stresses  due  to  the  temperature  difference  between  the  outer 
surface  of  the  FGM  and  the  underlying  substrate,  and  also  to  protect  the  substrate  from 
environmental  attack.  Most  bond  coats  in  use  are  not  functionally  graded;  they  are 
monolithic,  or,  are  made  of  discrete  layers  of  different  combinations  of  materials. 
Currently,  deficiencies  in  bond  coat  performance  directly  impact  and  reduce  the 
performance  and  life  of  TBC  systems.  This  research  is  directed  toward  improving  the 
durability  and  performance  of  thermal  barrier  systems  via  improved  understanding  of  the 
interrelationships  between  the  thermophysical,  chemical  and  mechanical  properties. 
Durability  also  may  be  improved  by  decreasing  ceramic  thickness.  If  nanocrystalline 
ceramics  could  be  shown  to  offer  improved  insulating  performance,  decreased  ceramic 
thickness  would  bepossiblefor  performance  equivalent  to  current  ceramic  layers. 

The  overall  objective  of  the  research  was  to  develop  fundamental  understanding  of  the 
physical  and  mechanical  properties  of  polycomponent  (three  or  more  constituent)  FGM 
systems  as  a  function  of  phase  constituents,  phase  volume,  and  microstructure.  The  use  of 
three  or  more  components  in  an  FGM  system  permits  the  decoupling  of  previously 
dependent  physical  properties.  For  example,  in  a  binary  metal  oxide-metal  graded  system, 
thermal  conductivity  and  thermal  expansion  are  not  independent  of  one  another,  because 
both  are  functions  of  the  volume  fraction  metal  oxide.  In  contrast,  the  concept  of 
polycomponent  systems  of  this  study  allows  selection  of  one  phase  constituent  for  thermal 
expansion  coefficient,  a  second  for  environmental  resistance,  and  a  third  for  elastic 
modulus,  and  so  forth,  with  only  the  outer  ceramic  layer  having  non-metallic  thermal 
conductivity.  The  phase  constituents  must  be  selected  for  mutual  thermodynamic  stability 
because  of  the  high  service  temperatures. 
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1.0  Executive  Summary 

In  jet  engines,  thermal  barrier  coatings  (TBCs)  are  used  to  extend  component  life  beyond 
expected  design  life.  If  adherence  of  the  TBC  can  be  maintained  reliably,  the  insulating 
behavior  of  the  ceramic  layer  can  be  factored  fully  into  the  design,  which  will  greatly 
increase  engine  performance.  Use  of  functionally  graded  materials  (FGMs)  to  provide 
thermal  expansion  gradients  from  the  metal  substrate  to  the  outer,  low-expansion  ceramic 
FGM  layer  may  achieve  the  required  adherence  and  reliability.  However,  graded  structures 
that  rely  on  ceramic  phases  to  provide  the  decreased  expansion  produce  the  undesirable 
effects  of  increasing  the  temperature  in  the  outermost  metallic  regions  of  the  FGM,  and 
reducing  significantly  the  strain  tolerance  of  the  bond  coat-TBC  FGM  system  over  a  broad 
temperature  range.  Higher  temperatures  lead  to  more  rapid  oxidative  attack  of  the  metallic 
phase,  which  can  increase  the  possibility  of  spallation  of  the  outer  ceramic  layer.  Poorer 
strain  tolerance  may  lead  to  cracking  and  delamination,  where  a  more  ductile,  all-metal 
system  may  deform  locally  rather  than  fracture. 

The  program  was  undertaken  to  enhance  the  present  understanding  and  state  of  the  art  for 
both  high-temperatiue  FGMs  and  thermal  barrier  systems.  We  have  characterized  the 
response  of  mechanical,  physical,  and  chemical  behavior  that  develops  in  polycomponent 
(>/=3  phases)  FGM  systems,  incorporating  low-expansion/high-thermal-conductivity 
phases  between  substrate  and  insulating  outer  layers  (Figure  1-1),  and  have  formulated 
models  that  predict  the  FGM  stresses  and  temperatures.  Nanocrystalline  ceramic  layers 
have  been  evaluated  to  explore  the  possibility  of  reduced  thermal  conductivity  benefits. 

•  Systems  of  graded  material  combinations  have  been  identified  which  have  interfacial 
expansion  behavior  equivalent  to  the  outer  ceramic  layer  expansion,  while  still  relying 
on  phases  with  high  thermal  conductivity. 

•  Such  graded  material  combinations  are  fabricable  by  one-step  deposition  processing. 

•  The  nanoceramic  structures  offer  a  wide  variety  of  controlled  microstractures  (grain 

A 

size,  porosity),  and  therefore,  controlled  thermal  conductivity,  but  no  reduction  in 
conductivity  related  to  feature  size  is  apparent. 
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2.0  Program  Objectives 

The  study  of  polycomponent  FGM  systems  has  sought  to  achieve  greater  independence  in 
selecting  mechanical,  physical,  and  chemical  behavior  in  high-temperature  systems. 

The  objective  of  the  research  was  to  characterize  and  understand  the  interrelationships  in 
behavior  that  develop  in  polycomponent,  functionally  graded  material  (FGM)  systems 
suited  to  thermal  protection  of  underlying  superalloy  components  from  hot  gases  at  1350- 
1650  C.  The  focus  was  on  the  incorporation  of  three  or  more  materials  in  the  FGM  to 
increase  the  ability  to  control  mechanical,  physical,  and  chemical  behavior  independently. 
Concurrent  and  interrelated  sub-objectives  included 

•  Stability  of  FGM  microstructures  and  properties  in  thermal  environments 
(thermodynamic,  morphological,  mechanical,  environmental  stabilities) 

•  Prediction  of  behavior  of  polycomponent  systems  (generation  and  validation  of 
physical/mathematical  models) 

•  Influence  of  nanophase  structures  on  thermal  behavior  (interaction  of  thermal  energy 
with  FGM  nanostructures) 

The  program  concentrated  on  stractures  appropriately  sized  for  real  turbine  hardware 
(entire  FGM  250-400  p.m)  containing  phases  that  address  the  required  physical, 
mechanical  and  thermal  behavior. 

3.0  Technical  Background 

Major  improvements  in  turbine  efficiency  and  performance  are  achievable  if  the  thermal 
barrier  system  can  be  relied  upon  to  survive  throughout  the  design  life.  Poly  component 
functionally  graded  materials  may  be  a  route  to  such  a  thermal  barrier  system. 

3.1  Introduction 

In  modem  jet  engines  and  gas  turbines,  hot-section  gas  path  surfaces  are  exposed  to 
oxidizing  gases  at  temperatures  exceeding  1350  C,  and  reaching  as  high  as  1650  C.  These 
temperatures  require  an  enormous  cooling  air  capacity  to  prevent  melting  or  severe 
environmental  attack  and  structural  weakening  of  the  metal  structures.  This  huge  cooling 
air  burden  has  a  negative  impact  on  system  performance  and  efficiency.  In  addition,  for 
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some  components,  geometric  and  manufacturing  limits  may  prevent  effective  cooling  of  a 
portion  of  the  outer  surfaces. 

For  a  number  of  years,  stationary  structures  such  as  the  combustor,  transition  pieces,  and 
side  wall  bands  of  the  turbine  nozzles  have  been  thermally  protected  by  a  thin  layer  of 
ceramic,  which  is  generally  deposited  by  plasma  deposition.  Zirconia,  modified  by  yttria  to 
reduce  phase  transformation  stresses,  has  been  found  to  be  most  successful  at  providing 
thermal  protection  because  it  has  very  low  thermal  conductivity  and  because  it  remains 
adherent  to  the  substrate  better  than  most  other  ceramics.  With  thermal  conductivity 
reduced  to  about  1/20  that  of  the  metal  substrate,  zirconia  provides  a  drop  in  maximum 
metal  temperature  of  between  25  and  100  C,  depending  on  ceramic  thickness  and 
aggressiveness  of  substrate  cooling. 

As  will  be  discussed,  rough  surfaces  of  plasma-sprayed  MCrAlY  compositions  are  often 
used  between  the  substrate  and  the  thermal  barrier  coating  (TBC).  These  MCrAlY  layers 
provide  environmental  resistance  to  the  substrate  when  the  ceramic  spalls  from  the 
surface,  exposing  the  metal  stracture  to  the  hot  gases.  They  also  serve  as  a  bond  coating 
by  providing  a  convoluted  surface  for  mechanical  interlocking  with  the  TBC.  Although  the 
thermal  expansion  difference  for  zirconia  and  Ni  superalloys  is  small  relative  to  other 
ceramics,  it  is  still  large  enough  to  create  tremendous  stresses,  leading  to  early  TBC  loss. 
Considerable  effort  has  gone  into  microstractural  control  of  the  TBC  and  the  TBC/bond 
coat  interface  to  minimize  the  expansion-driven  stresses. 

Thermal  barrier  coatings  are  now  finding  wider  use  in  airfoil  surfaces  of  stationary  nozzles 
and  rotating  turbine  blades  or  buckets.  Aerodynamic  limits  on  design-allowable  TBC 
coating  thickness  have  required  the  consideration  of  other  deposition  methods,  such  as 
electron  beam  evaporation  of  the  ceramic,  to  provide  a  thin,  smooth-surfaced  coating. 

To  the  present,  the  thermal  barrier  systems  have  been  used  to  extend  component  life 
beyond  the  design  life  by  providing  insulation,  to  reduce  average  metal  temperatures  and 
reduce  local  thermal  spikes.  However,  reliability  of  the  TBC  adherence  has  been 
insufficient  to  allow  the  TBC  to  be  incorporated  into  the  design. 

Major  improvements  in  turbine  efficiency  and  performance  are  achievable  if  the  TBC  can 
be  relied  upon  to  survive  throughout  the  design  life.  These  improvements  result  directly 
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from  allowing  higher  gas  temperatures  without  a  rise  in  metal  temperatures,  or  allowing  a 
reduction  in  cooling  air  burden  without  a  rise  in  metal  temperatures,  or  a  combination  of 
reduced  cooling  air  and  higher  flame  temperatures. 

Functionally  graded  materials  have  been  considered  as  bond  coatings  in  thermal  barrier 
systems.  They  offer  the  possibility  of  bond  enhancement  by  providing  a  gradient  in  thermal 
expansion  between  the  Ni  superalloy  and  the  ceramic  TBC.  FGMs  have  been  suggested  as 
structural  materials,  capable  of  carrying  load  or  performing  other  functions  most 
effectively,  by  tailoring  the  material  properties  through  the  thickness  of  the  FGM  to 
exactly  match  the  performance  needs  of  the  structure.  The  FGMs  can  be  made  of  a 
number  of  homogeneous-composition  layers,  or  the  components  of  the  FGM  can  be 
graded  continuously  through  the  thickness. 

For  surface  coatings  applied  for  wear  resistance,  thermal  resistance,  etc.,  the  use  of  FGMs 
as  bond  enhancement  structures  offers  improved  performance  wherever  surface  coatings 
are  subject  to  spallation  or  delamination.  In  the  design  of  FGM  characteristics,  the  surface 
coating  can  be  considered  as  part  of  the  FGM  system  for  achieving  desired  performance. 
Spallation  and  delamination  failures  are  frequently  driven  by  thermal  expansion  differences 
between  the  surface  coating  and  the  substrate,  as  in  the  thermal  barrier  system. 

Needed  Improvements  to  FGMs:  In  earlier  attempts  at  employing  FGMs  in  the  bond  coat 
function,  metals  such  as  MCrAlY  compositions  have  been  graded  with  ceramics  such  as 
zirconia  or  alumina.  This  properly  addresses  the  problems  of  a  discontinuous  step  in 
expansion  behavior  at  the  metal  bond  coat/TBC  interface  (Figure  3-1).  However,  this  does 
not  fully  address  system  requirements.  By  effectively  decreasing  the  thermal  conductivity 
of  the  bond  coat  by  the  addition  of  ceramic,  the  temperature  reached  by  the  outermost 
metal  phase  of  the  FGM  is  increased  beyond  temperatures  reached  in  all-metallic  bond 
coatings  (Figure  3-2).  These  higher  metal  temperatures  can  lead  to  more  rapid  oxidation 
of  the  metal  component  of  the  FGM,  with  the  growth  stresses  leading  to  premature  failure 

A 

of  the  thermal  barrier  system.  For  many  superalloys,  oxidation  rates  at  temperatures 
above  approximately  1000  C  increase  by  a  factor  of  50%  or  morefor  each  10  C  increase 
in  surface  temperature. 
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Models  of  FGMs  could  be  used  to  predict  such  increases  in  metal  phase  temperature. 

Several  simple  models  of  FGM  structures  have  been  developed.  These  have  been  used  to 
predict  stress  and  temperatiue  through  the  FGM  structure,  but  in  general  these  models 
have  dealt  with  large  structural  FGMs  rather  than  FGMs  with  thicknesses  on  the  order  of 
250-400  pm,  is  required  for  gas  ttirbine  applications.  Rigorous  analyses  are  needed  to 
address  property  estimation,  heat  transfer,  stress,  and  temperature  of  the  system. 
Nanocrystalline  zirconia  ceramics,  which  have  been  developed  only  in  the  last  8-10  years, 
may  provide  a  new  technological  approach  to  TBCs,  and,  by  extension,  to  FGMs. 
Nanocrystalline  ceramics  can  plastically  deform  under  stress  at  lower  temperatures  than 
can  coarse-grained  ceramics  [1,2].  Some  plastic  deformation  may  be  beneficial  to  TBCs, 
since  it  can  allow  relaxation  of  thermal  mismatch  stresses  and  can  help  prevent  thermal 
mismatch  cracking  and  spallation.  In  addition,  there  has  been  speculation  that 
nanocrystalline  TBCs  will  have  lower  thermal  conductivity  than  conventional  TBCs 
because  of  their  ultrafine  grain  and  pore  sizes  (see  Section  4.4).  Lower  thermal 
conductivities  would  allow  thinner  coatings  to  be  used,  thereby  solving  several  additional 
problems  related  to  TBCs:  reducing  the  load  of  the  TBC  on  turbine  blades,  allowing 
TBCs  to  be  incorporated  into  turbine  design  even  when  clearances  on  the  turbine  throat 
area  dimensions  are  tight,  and  decreasing  the  available  flaw  population  in  the  TBC  (i.e., 
decreasing  the  number  of  potential  crack  initiation  sites,  which  increases  with  increasing 
volume  of  material  according  to  Weibull  statistics).  For  these  reasons  it  seems 
advantageous  to  consider  incorporating  nanocrystalline  ceramics  into  the  next 
evolutionary  step  in  thermal  barrier  systems:  replacing  the  conventional  bond  coat  and 
coarse-grained  zirconia  TBC  with  the  more  integrated  and  environmentally  more  rugged 
FGM  (graded  metal  bond  coat  with  nanoceramic  TBC). 

3.2  Thermal  Barrier  Systems  •  Bond  Coatings  and  Ceramics 
Thermal  barrier  coating  systems  -  consisting  of  an  insulating  ceramic  layer,  or  topcoat,  an 
oxidation-resistant  bond  coat,  and  a  metallic  substrate  -  have  been  under  development  for 
the  last  20  years.  They  are  designed  to  reduce  heat  transfer  to  metal  components,  allowing 
either  use  of  higher  turbine  inlet  temperatures  or  reduced  cooling  air.  Use  of  these 
coatings  has  been  somewhat  limited  by  reliability  issues,  primarily  spallation  of  the  ceramic 
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topcoat  [3].  Because  of  this,  considerable  research  has  been  devoted  to  understanding  the 
mechanisms  of  TBC  failure,  and  the  influence  of  processing  variables  on  TBC 
microstmcture  and  cyclic  life. 

The  coatings  are  generally  fabricated  by  deposition  of  a  metallic  bond  coat  onto  the  part, 
followed  by  deposition  of  a  ceramic  insulating  layer  onto  the  bond  coat  [4].  Deposition  is 
commonly  done  by  either  thermal  spraying  -  e.g.,  air  plasma-spraying  (APS)  or  low- 
pressure  plasma  deposition  (LPPD)  -  or  by  physical  vapor  deposition  (PVD)  [4]. 

The  ceramic  topcoat  that  has  been  most  commonly  used  is  Zr02,  which  has  a  very  low 
thermal  conductivity  and  a  thermal  expansion  coefficient  reasonably  close  to  that  of 
superalloys.  In  its  binary  form  Zr02  undergoes  a  crystallographic  transformation  from 
tetragonal  to  monoclinic,  accompanied  by  a  large  volume  change,  during  cooling  from 
service  temperatures  [5,6].  Since  the  volume  change  can  cause  cracking  and  spallation  of 
the  coating,  additions  such  as  Y203,  CaO,  Ce02,Yb203,  or  MgO  have  been  studied  [7- 
10]  to  partially  or  fully  eliminate  the  phase  transformation.  Studies  on  yttria-stabilized 
Zr02  have  found  [11]  that  the  optimum  composition  range  for  resisting  thermal  cycling 
damage  is  6-8  wt%  yttria,  which  results  in  partial  stabilization  of  the  Zr02  (PSZ)  [5].  The 
effect  of  other  additions,  like  Ce02,  to  the  resistance  of  Zr02-based  coatings  to  thermal 
shock  has  also  been  evaluated  [9,12]. 

Processing  research  on  the  ceramic  topcoat  has  been  focused  on  general  material 
properties,  such  as  modulus,  coefficient  of  thermal  conductivity  (CTE),  thermal 
conductivity,  and  strength  [13],  and  on  the  effect  of  various  microstructures  on  the 
durability  of  the  ceramic  during  thermal  cycling.  It  has  been  found,  for  example,  that  cyclic 
life  was  enhanced  for  PVD  coatings  with  a  columnar  microstructure,  relative  to  a  dense 
plasma-sprayed  structure  [14].  Similarly,  better  thermal  shock  resistance  and  thermal 
insulation  have  been  reported  [8]  for  plasma-sprayed  coatings  with  vertical  microcracks. 
Both  of  these  effects  are  related  to  the  compliance  of  the  coating,  as  discussed  below. 

The  bond  coat  is  usually  of  an  MCrAlY  composition  (where  ’M’  is  Ni,  Co,  or  both)  and  is 
more  oxidation-resistant  and  corrosion-resistant  than  the  underlying  superalloy  part.  Since 
bond  coat  oxidation  is  a  major  factor  in  TBC  failure,  work  on  bond  coats  has  dealt  with 
the  effects  of  oxidation  rate  on  TBC  life,  as  discussed  below,  and  with  alloying  additions 
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that  may  increase  oxidation  resistance,  such  as  Yb  [15]  and  Hf  and  Si  [16].  Oxidation 
resistance  has  also  been  substantially  improved  by  aluminiding  the  bond  coat  prior  to 
deposition  of  the  ceramic  topcoat  [3].  This  process,  usually  done  by  pack  aluminiding, 
results  in  an  increased  A1  content  on  the  outer  surface  of  the  bond  coat.  The  effect  of 
increased  bond  coat  strength  on  TBC  life  has  also  been  investigated  [3].  It  was  found  that 
solute  strengtheners,  grain  boundary  strengtheners,  and  elements  to  increasey’  content 
added  to  MCrAlY-based  compositions  resulted  in  improved  cyclic  lives,  especially  when 
the  coatings  were  overaluminided.  Bond  coat  roughness  also  has  been  found  to  be  a  factor 
in  TBC  life:  better  topcoat  adhesion  is  commonly  observed  with  increased  bond  coat 
roughness  [3,16]  for  plasma-sprayed  TBCs  as  a  result  of  mechanical  interlocking. 

TBC  failure  often  occurs  by  cracking  and  spallation  of  the  ceramic  topcoat.  Mechanisms 
for  this  failure  include  [3]  spallation  caused  by  thermal  stresses  arising  during  cooling  of 
the  TBC;  sintering  of  the  ceramic,  which  produces  reduced  resistance  to  thermal  shock; 
microcracking  of  the  topcoat;  bond  coat  oxidation,  which  strains  the  ceramic  topcoat;  and 
creep  of  the  bond  coat  or  substrate.  The  microstructure,  properties  and  failure  of 
conventional  TBCs  have  been  studied  in  some  detail  [3,17,18].  At  shorter  lifetimes,  cracks 
are  generally  found  in  the  ceramic  near  the  bond  coat/ceramic  interface,  with  the  cracks 
running  parallel  to  that  interface  [3].  The  cracks  appear  to  have  been  generated  during 
cooling  by  the  stresses  arising  from  the  thermal  expansion  mismatch  between  bond  coat 
and  ceramic.  Reduction  of  these  stresses  in  the  TBC  by  altering  the  processing  conditions 
[19]  or  by  better  matching  the  CTE  of  topcoat  and  bond  coat  [20]  has  been  investigated  as 
a  route  to  increase  TBC  durability.  Accommodation  of  cyclic  thermal  stresses  may  be 
increased  by  producing  a  segmented  ceramic  topcoat  structure  by  grooving  the  substrate 
surface  prior  to  plasma-spraying  the  coating  [18]. 

Techniques  such  as  increasing  the  compliance  of  the  ceramic  layer  by  entrained  porosity 
and  vertical  microcracking  have  been  tried  as  a  means  to  increase  TBC  life.  Increased 
porosity  in  the  topcoat  was  shown  to  increase  TBC  life  [18],  although  this  benefit  may 
disappear  after  long  service  lives  because  of  sintering  of  the  ceramic.  Processing  of  the 
topcoat  to  produce  a  vertically  cracked  compliant  structure  is  effective  [8],  but  the 
presence  of  the  cracks  may  allow  infiltration  of  the  ceramic  by  corrosive  liquids  [8]  or 
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other  impurities  [21].  TBC  system  compliance  also  can  be  increased  by  using  a  compliant 
layer  such  as  Feltmetal  pads  between  the  topcoat  and  bond  coat  or  by  using  a  porous 
plasma-sprayed  metallic  layer  as  the  bond  coat  [18]. 

Stresses  also  may  be  reduced  by  producing  a  composite  or  a  graded  FGM  structure  [18]. 
Increased  coating  adhesion  and  TBC  lives  have  been  shown  for  microlaminated  structures 
produced  by  plasma  deposition  [22,23].  Eaton  and  Novak  [24]  investigated  the  response 
of  graded  CoCrAlY/ceramic  structures  to  thermal  cycling.  The  thermal  shock  resistance  of 
graded  structures  was  found  to  be  superior  to  that  of  monolithic  coatings  for  bond  coats 
consisting  of  mixtores  of  NiCrAlY  and  Zi02  stabilized  by  MgO  or  Y203  [25]. 

TBC  failure  from  bond  coat  oxidation  has  been  observed  for  bond  coats  processed  by 
plasma-spraying  [3,26]  and  by  PVD  [27].  For  both  monolithic  and  MCrAlY/Zr02 .  Y203 
composite  bond  coats,  alumina  layers  were  observed  to  form  between  the  metal  and  Zi02 
.  Y203  [17,26,28,29],  with  other  oxides  such  as  Cr203  [29]  NiO  [26]  and  spinel  [17,28] 
forming  after  the  A1  in  the  MCrAlY  was  sufficiently  depleted.  The  presence  of  these 
growing  oxide  layers  can  contribute  to  coating  failure  by  reducing  the  overall  ductility  of 
the  bond  coat  and  the  bond  coat/substrate  interface  [30]  and  by  straining  the  adjacent 
Zr02  .  Y203  layer  [17,29]. 

Despite  the  amount  of  research  that  has  been  carried  out  for  TBC  processing  and  failure 
mechanisms,  reliability  is  not  at  a  level  where  the  TBC  performance  can  be  guaranteed  for 
airfoil  design.  The  concept  of  using  FGMs  to  increase  that  reliability  may  be  important  to 
achieving  the  full  potential  of  TBCs. 

3.3  Functionally  Graded  Materials. 

Functionally  graded  materials  (FGMs)  are  objects  whose  composition  and  structure  vary 
with  position,  and  have  been  selected  to  yield  preferred  performance  in  response  to 
position-dependent  requirements.  Thermal  hairier  coatings  -  an  outer  insulating  ceramic, 
a  bond  coat,  and  an  underlying  substrate  -  can  be  viewed  as  coarsely  stepped  functionally 
graded  materials. 

An  early  description  of  the  TBC  systems,  comprising  (1)  zirconia  or  partially  stabilized 
zirconia  outer  layer,  (2)  a  NiCrAlY  type  bond  coat;  and  (3)  a  superalloy  substrate  was 
provided  by  Leibert  and  Stecura  in  1977  [31].  This  approach  had  been  anticipated  by 
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Dowell,  who  described  multi-layer  coating  of  internal  combustion  chambers  -  where  an 
inner  layer  was  a  nickel-aluminum  alloy,  a  second  layer  was  the  nickel  aluminum  alloy  with 
zirconium  oxide,  and  an  outer  layer  is  primarily  zirconium  oxide  [32].  Considerable  work 
(summarized  in  Section  3.2)  has  been  directed  at  monolithic  bond  coat  compositions  to 
improve  oxidation  resistance,  mechanical  compliance,  and  ceramic  adhesion.  A  continuous 
spatial  variation  of  bond  coat  composition  and  properties  was  proposed  by  Goward,  Grey, 
and  Krutenat,  who  described  a  continuously  graded  zirconia-NiCoCrAlY  bond  coat  [33]. 

A  large  impetus  to  development  of  functionally  graded  materials  was  provided  by  the 
Science  and  Technology  Agency  of  the  Government  of  Japan,  who  carried  out  a  5-year 
project  between  1987  and  1992  to  develop  the  materials  and  process  technology  for  heat 
resistant  FGMs  in  thermal  gradients.  A  major  focus  of  this  effort  was  on  thermal  barrier 
systems  [34].  The  project  resulted  in  several  viable  processing  techniques  for  graded 
superalloy-ceramic  structures  [35]. 

Graded  binary  superalloy-ceramic  structures  have  demonstrated  mechanical  performance 
improvements  as  bond  coats  for  thermal  barrier  systems.  The  residual  thermal  stresses 
present  in  parts  as  a  result  of  fabrication  can  be  reduced  by  grading  the  structure  [36]. 

Laser  thermal  shock  tests  coupled  with  acoustic  emission  showed  that  Zr02-based  thermal 
barrier  systems  were  more  resistant  to  thermal  shock  when  the  structure  was  graded  to 
NiCrAlY,  rather  than  achieved  in  a  single  step  [37].  Use  of  a  graded  cermet  structure 
within  the  bond  coat  was  reported  to  give  preferred  performance  in  a  thermal  barrier 
coating  system  applied  to  a  diesel  engine  [38]. 

Chemical  grading  of  the  bond  coat  has  improved  TBC  system  performance  where  TBC 
failure  is  caused  by  oxidation  of  the  bond  coat  and  spallation  of  the  TBC.  A  hypothesis  is 
that  oxygen  diffusing  atomically  in  the  partially  stabilized  zirconia  outer  layer,  or  migrating 
as  a  gas  in  cracks,  can  attack  the  bond  coat,  forming  mixed  oxides  that  cause  the  outer 

TBC  layer  to  spall.  Typically,  after  deposition  of  the  bond  coat  and  prior  to  deposition  of 

* 

the  zirconia,  an  aluminizing  treatment  is  applied  to  the  bond  coat,  creating  an  aluminum 
gradient  and  improving  its  surface  stability.  TBCs  on  Mar  M247  had  longer  lives  for  the 
case  of  pre-aluminized  bond  coats  [39]. 
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Clearly,  there  has  been  improvement  in  mechanical  performance  at  the  bond  coat/TBC 
interface  through  the  use  of  FGMs,  However,  incorporating  low-conductivity  ceramics  in 
the  graded  region  has  led  to  increased  temperatures  in  the  local  metallic-ceramic  region 
closest  to  the  ceramic  thermal  barrier  layer.  Since  TBC  failure  is  related  to  oxidation  of  the 
bond  coat  in  conventional  TBCs,  it  is  not  surprising  that  FGMs  with  ceramic  gradients 
have  suffered  from  the  same  limitations.  Reliability  must  still  be  improved  substantially. 
3.4  Modeling  the  Behavior  of  FGM  Composites 

The  relatively  low  elastic  modulus  and  small  thickness  of  ceramic  TBCs,  compared  with 
the  metal  substrate,  results  in  the  TBC  contributing  little  to  overall  component  stiffness. 
The  coating  is  thus  generally  in  a  strain-controlled  environment  and  the  coating  stress  is 
proportional  to  its  elastic  modulus.  Because  of  the  relatively  high  mismatch  of  thermal 
expansion  coefficients,  applying  homogeneous  ceramic  coatings  onto  metal  substrates 
creates  very  high  residual  and  thermal  stresses.  As  a  result,  early  cracking  and 
delamination  may  break  the  thermal  insulation  and  considerably  shorten  the  life  of  the 
component. 

For  plasma-sprayed  coatings,  the  delamination  of  the  ceramic  top  coat  from  the  bond  coat 
is  due  to  progressive  crack  growth,  leading  to  a  final  catastrophic  spalling  event. 

Oxidation  of  the  bond  coat  to  form  A1203  at  the  interface  with  the  TBC  provides  a  crack 
path.  In  EB-PVD  coatings  the  cracking  process  is  sudden  rather  than  progressive  through 
the  A1203  layer  [40]. 

In  general,  three  common  modes  of  delamination  failure  have  been  observed  in  TBC 
systems:  free-edge  delamination,  buckling  failure  far  from  free  edges,  and  delamination 
from  transverse  cracks  (Figure  3-3). 

In  conventional  TBCs,  where  each  layer  (substrate,  bond  coat,  and  TBC)  is  homogeneous, 
the  properties  through  the  thickness  are  piecewise  constant  and  therefore  they  exhibit 
sharp  discontinuities  between  layers.  Stress  analyses  at  the  edges  of  such  interfaces  (case  1 
in  Figure  3-3)  show  that  the  normal  and  the  shearing  stress  components  perpendicular  to 
the  interface  are  very  high.  In  fact,  elastic  analyses  predict  stress  singularities  near  free 
edges. 
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In  FGM  structures  where  the  volume  fractions  of  metal  and  ceramic  vary  continuously  in 
the  thickness  direction,  the  nonhomogeneous  medium  will  exhibit  the  desired 
thermomechanical  properties  [41-43].  The  smooth  variation  of  properties  reduces  the 
residual  and  thermal  stresses,  and  the  bond  strength  along  the  coating/substrate  interface  is 
increased. 

In  multilayered  FGMs,  where  the  composite  medium  consists  of  multiple  dissimilar 
homogeneous  layers  (with  discontinuous  thermal  and  mechanical  properties),  varying  in 
successive  layers  from  metal  to  ceramic,  the  FGM  properties  such  as  thermal  expansion 
coefficient  and  modulus  change  gradually  from  the  substrate  to  the  FGM  surface. 
Applications  of  this  type  of  graded  coating  can  be  found  in  diesel  engine  TBCs  [40] 

(Figure  3-4), 

In  the  multilayered  FGM  system  where  each  layer  is  homogeneous,  the  stress-free  ends 
contain  singular  points  where  the  interfaces  of  bonded  dissimilar  materials  intersect  the 
free  surface.  However,  in  the  continuous  FGM  coatings  [44-46],  the  free-edge  stress 
concentrations  will  be  much  lower  than  in  multilayered  homogeneous  coatings.  If  the 
discontinuity  in  material  property  distribution  can  be  eliminated,  then  stresses  will  be 
bounded. 

For  fracture  mechanics  of  cracks  near  interfaces,  continuously  varying  FGMs  avoid  two 
other  anomalies  that  complicate  the  analysis  of  sharp  interfaces: 

Oscillatory  stress  and  displacement  fields  near  the  interface  crack-tip  [46]. 
Non-square-root  power  singularity  for  a  crack  approaching  and  terminating 
at  the  interface  [47]. 

Despite  the  amount  of  modeling  performed  for  FGMs,  Miller,  Lannutti,  and  Yancey  [48] 
found  mathematical  guidelines  available  in  the  literature  were  difficult  to  use  for  the  design 
of  FGMs,  previous  designs  having  been  based  on  either  intuition  or  trial- and-error.  A  clear 
need  for  some  form  of  numerical  guidance  was  emphasized.  Subsequently,  Lannutti’s 

A 

analysis  of  the  effects  of  different  materials  combinations  on  residual  compressive  stresses 
and  curvature  [49]  showed  little  importance  of  ceramic  thermal  conductivity  on  thermal 
shock  resistance  in  properly  designed  FGMs. 
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Miller,  Lannutti  and  Noebe  developed  a  model  for  the  design  of  FGMs  based  on  the 
minimization  of  strain  energy  [50, 55].  This  model  made  accurate  predictions  of  sample 
curvature  and  the  visual  results  of  excessive  internal  compressive  stress.  The  model  also 
made  estimates  of  the  effects  of  thermal  stress  on  internal  residual  stresses  as  a  function  of 
exposure  time  and  temperature.  These  results  were  validated  using  a  thermal  cycling  rig. 
Itoh  and  Kashiwaya  analyzed  the  residual  stresses  of  FGMs  induced  during  the  fabrication 
process  by  comparing  several  graded  systems  [36].  The  effects  of  gradation  size  and 
material  constants,  such  as  Young’s  modulus  and  thermal  expansion  coefficients,  on  the 
residual  stress  of  the  FGM  structure  were  investigated. 

In  detailed  finite  element  stress  analyses  of  FGM  continuous  and  multilayer  TBCs  bonded 
to  metal  substrates  [51],  the  continuous  coating  (a  graded  particulate  composite  of  Rene 
41  and  zirconia)  was  compared  with  multilayer  coatings  of  one,  two  or  four  homogeneous 
layers  with  stepwise  changing  volume  fractions.  Considerable  reduction  of  free-edge 
stresses  was  accomplished  using  the  continuous  coating.  The  sharp  interfaces  and 
discontinuous  thermomechanical  properties  in  multilayer  coatings  required  consideration 
of  free-edge  stress  singularities  and  oscillatory  stress  fields  near  interface  crack  tips. 

In  a  finite  element  solution  of  multilayer  coatings  subjected  to  thermal  stresses  [52],  the 
power  of  stress  singularity  at  the  free-edges  was  calculated  analytically,  and  the  stress 
intensity  factors  were  determined  by  curve  fitting  to  the  finite  element  stress  results.  A 
similar  approach  was  used  for  continuous  FGM  coatings  [45].  Analytical  solutions  exist 
for  edge-cracked  FGM  plates  [53]  and  for  an  interface  crack  in  a  FGM  coated 
homogeneous  substrate  [46]. 

An  analysis  of  the  fracture  problem  of  debonding  of  FGM  thermal  barrier  coatings  ft’om 

metal  substrates  [46]  considered  various  coating  thicknesses  and  different  functional  forms 

of  the  property  gradation  through  the  coating  thickness.  More  recently,  elastoplastic 

analysis  of  multilayered  materials  and  FGM  interfaces  for  cyclic  thermal  loading  [54] 

* 

considered  effects  of  metallic  layer  plasticity. 

The  sophistication  of  modeling  of  FGMs  has  increased  over  the  past  several  years.  Simple 
models  are  available  to  aid  in  thermal  system  definition,  and  finite  element  models  exist 
that  can  treat  the  FGM  thermal  barrier  system  with  greater  rigor.  These  models  need  to  be 
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exercised  to  aid  in  developing  a  fundamental  understanding  of  these  materials,  and  in 
increasing  their  utility. 

3,5  Nanocrystalline  Ceramics  and  Thermal  Conductivity 
For  a  material  to  be  an  effective  thermal  barrier  coating,  it  must  have  a  low  thermal 
conductivity;  equivalently,  it  must  prevent  the  transmission  of  heat  by  phonons.  Phonons 
are  the  elastic  energy  waves  generated  by  lattice  vibrations;  their  mean  free  path  sets  the 
thermal  conductivity,  according  to 
K=VoCvX/3  (3.5-1) 

where  K  is  the  thermal  conductivity, Vo  is  the  phonon  velocity,  Cv  is  the  heat  capacity  of 
the  solid  (essentially  a  constant  above  room  temperature),  andX,  is  the  phonon  mean  free 
path  [61]. 

The  mean  free  path  of  phonons  would  be  infinite,  leading  to  an  infinite  thermal 
conductivity  and  perfect  heat  transmission,  were  it  not  for  phonon-phonon  scattering 
events.  Because  of  phonon-phonon  interactions,  X  is  reduced  to  a  few  nanometers  at  low 
temperatures  (0  C)  [62]  and  a  few  angstroms  at  higher  temperatures  (e.g.,  1000  C)  [63], 
where  the  mean  free  path  between  interactions  is  even  shorter.  For  a  given  temperature 
and  material,  however,  the  mean  free  path  length  -  and  consequently,  the  thermal 
conductivity  -  can  be  considered  as  having  an  intrinsically  finite,  constant  value. 

Generally  one  does  not  consider  microstructure  when  invoking  equation  3.5-1. 
Theoretically,  however,  certain  microstructural  features,  such  as  grain  and  pore 
boundaries,  also  can  scatter  phonons  and  reduce  X.  It  has  long  been  recognized  that  if 
sufficiently  small  grain  sizes  could  be  produced,  the  distance  between  grain  boundaries 
(which  act  as  scattering  centers)  would  approach  the  phonon  mean  free  path  length.  In 
that  case,  grain  boundary  scattering  would  be  a  significant  addition  to  the  existing  phonon- 
phonon  scattering,  and  materials  could  be  produced  with  markedly  reduced  thermal 
conductivity  [64].  For  substantial  scattering  by  grain  boundaries  (in  addition  to  that  by 
phonons),  the  mean  free  path  would  become  [64,65] 

X  =1/[(X  bound«y)'‘  +  (X  phonco)  ‘l  (3.5-2) 

and  the  thermal  conductivity  would  then  be 
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K=VoCv  /(3  [(X.bounW*  +(>.phcncn)  ‘])  (3.5-3) 

Large  reductions  in  thermal  conductivity  have  been  experimentally  observed  for  a  few 
ultrafine-grained  materials  -  in  particular,  selenium  and  carbon  crystallized  from  the 
amorphous  state  [64].  However,  a  published  account  of  this  effect  in  more  traditional 
refractOTy  materials,  such  as  oxide  ceramics,  has  yet  to  appear.  The  reason  is  largely  that 
most  oxide  ceramics  are  made  by  the  compaction  and  sintering  of  particles,  and  the  grain 
sizes  that  result  from  this  technique  -  typically  0.5  to  10  pm  -  are  much  too  large  to 
cause  any  signifrcant  scattering  effects. 

Yttria-partially  stabilized  zirconia  (Zr02-3  mol%Y203)  is  often  used  as  a  thermal  barrier 
coating  because  of  its  low  thermal  conductivity  (very  effective  phonon-phonon  scattering). 
Very  recently,  it  has  become  possible  to  produce  Zr02-3  mol%Y203  with  grain  sizes  10 
to  100  times  smaller  than  conventional  Zr02-3  mol%Y203  [66-68],  just  at  the  point 
where  an  effect  of  grain  size  on  the  mean  phonon  path  length  should  be  seen.  Although  it 
may  be  possible  to  fabricate  thermal  barrier  coatings  with  lower  thermal  conductivities 
than  those  used  at  present,  the  thermal  conductivity  of  nanocrystalline  Zr02-3  mol%Y203 
has  never  been  reported. 

The  potential  effect  of  nanocrystalline  grain  sizes  on  thermal  conductivity  is  all  the  more 
intriguing  because  there  is  speculation  [69, 70]  that  the  grain  boundaries  in  such  materials 
have  different  structures  than  even  conventional  grain  boundaries,  and  therefore  can  be 
thought  of  as  a  separate  'phase,'  quite  distinct  from  the  lattice.  In  this  case,  the  net  thermal 
conductivity  would  be  set  by  both  the  conductivity  of  the  grain  boundaries  (of  which  there 
are  more  than  lO'Vcm^,  even  for  a  30-nm  grain  size  material)  and  the  conductivity  of  the 
lattice,  in  accordance  with  two-phase  models  such  as  those  of  Charvat  and  Kingery  [71]  or 
Litovsky  [72].  Presumably,  the  conductivity  of  the  grain  boundaries  would  be  significantly 
lower  than  that  of  the  lattice,  and  so  the  net  conductivity  of  the  nanocrystalline  solid 
would  be  further  decreased  from  that  of  a  large-grained  material. 

Porous  (85-98%  dense)  nanocrystalline  Zr02-3  mol%Y203  can  also  be  manufactured  and 
is  a  better  candidate  for  a  thermal  insulator  than  dense  Zr02-3  mol%Y203.  The  pores  in 
partially  sintered  nanocrystalline  Zr02-3  mol%Y203  are  even  smaller  than  the  grains, 
ranging  from  5  nm  to  less  than  1  nm  in  size;  furthermore,  the  pores  often  can  be  tailored  to 
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a  specific  size  within  this  range  [73].  The  boundaries  surrounding  these  small  pores  can  be 
expected  to  contribute  to  scattering  in  the  same  manner  as  grain  boundaries.  In  addition, 
the  low  thermal  conductivity  of  the  pore  itself  (approximately  that  of  air)  would  further 
reduce  the  net  conductivity. 

In  the  most  extreme  case,  then,  as  many  as  four  factors  may  contribute  to  reduced  thermal 
conductivity  in  nanocrystalline  Zr02-3  mol%Y203: 

Scattering  of  lattice  phonons  by  grain  boundaries 
Scattering  of  lattice  phonons  by  pore  boundaries 

Reduced  thermal  conductivity  along  the  grain  boundary  ’phase’  (caused  by 
either  a  difference  in  heat  capacity  or  phonon  scattering  ability  with  respect  to  the  lattice) 
Reduced  thermal  conductivity  associated  with  the  pore  phase  (estimated  as 
the  conductivity  of  the  gas  inside  the  pore). 

It  remains  to  be  seen  which  of  these  mechanisms  dominates,  and  to  what  extent  the 
thermal  conductivity  of  nanocrystalline  Zr02-3  mol%Y203  differs  from  the  more 
conventional,  large-grained  material  counterparts.  Stability  of  the  nanocrystalline 
microstructural  features  during  long  thermal  exposure  is  required  to  retain  any  added 
contributions  of  these  mechanisms  to  thermal  conductivity  reduction. 

4.0  Technical  Approach 

Understanding  FGM  systems  with  greater  independence  in  mechanical,  physical  and 
chemical  behavior  is  necessary  to  improve  the  reliability  of  high-temperature  systems. 

4.1  Introduction 

Improved  thermal  barrier  system  reliability  must  be  achieved  for  TBC  thermal 
performance  to  be  an  important  factor  in  turbine  airfoil  design.  Incorporation  of 
functionally  graded  materials  in  the  thermal  barrier  system  offers  the  greatest  potential  of 
reaching  the  necessary  reliability.  However,  the  FGMs  previously  considered  have 
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concentrated  on  creating  a  gradient  in  thermal  expansion  behavior  without  controlling  the 
thermal  conductivity  of  the  FGM  between  the  substrate  and  the  ceramic  outer  layer  of  the 
FGM.  A  fundamental  understanding  is  needed  of  the  interrelationships  in  mechanical. 
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physical,  and  chemical  behavior  that  develop  in  polycomponent  FGM  systems.  Our 
approach  to  gaining  this  understanding  has  involved  three  major  thrusts: 

•  Materials  selection  and  evaluation  for  the  individual  FGM  component  layers 

•  Fabrication  of  the  metallic  portions  of  graded  polycomponent  FGMs 

•  Heat  transfer  and  stress  analysis  and  modeling 

•  Properties  of  nanocrystalline  ceramic  thermal  barrier  systems  for  FGMs 
Improvements  in  thermal  barrier  system  reliability  must  be  achieved  in  thin  FGMs: 
allowable  system  thickness  is  restricted  by  die  aerodynamics  of  the  airfoil  design.  Our 
approach  has  concentrated  on  evaluations  of  thin-section  FGMs  sized  to  be  consistent 
with  real  hardware  dimensions. 

4.2  Polycomponent  FGMs 

Our  approach  was  to  select  materials  combinations  for  FGM  systems  after  considering  a 
number  of  potential  candidates,  and  to  use  simple  models  to  develop  an  understanding  of 
expected  system  behavior.  Homogeneous  structures  were  produced  and  characterized,  and 
the  properties  measured  for  more  detailed  modeling  (see  Section  4.3).  FGM  structures 
were  produced  without  a  ceramic  layer.  Fabrication  of  the  metal  portions  of  candidate 
FGMs  was  accomplished  using  electron  beam  physical  vapor  deposition  from  fixed- 
volume  sources  to  build  continuously  graded  compositions.  These  materials  can  easily  be 
coupled  to  a  conventional  EBPVD  TBC,  or  methods  can  be  developed  to  couple  to  a 
nanocrystalline  ceramic  (see  Section  4.4)  to  create  the  full  FGM. 

Materials 

Several  physical  properties  need  to  be  varied  locally  within  the  FGM  for  optimal 
performance.  The  study  of  the  ceramic  portion  of  the  FGM  (see  Section  4.4)  considered 
nanocrystalline  Zr02Y203  to  determine  if  enhanced  thermal  resistance  and  nanostmctural 
stability  could  be  achieved.  The  properties  needed  for  the  metal-containing  portions 
include  good  oxidation  resistance,  metal-like  thermal  conductivity,  graded  thermal 
expansion,  chemical  compatibility  with  the  outer  TBC  layer  of  the  FGM,  and  chemical 
compatibility  with  the  superalloy  substrate.  The  use  of  a  two-component  graded  structure, 
such  as  an  oxide  and  an  MCrAlY,  cannot  always  provide  optimal  performance.  The  all- 
metallic  graded  structure  potentially  achieves  much  greater  strain  tolerance  capability  than 
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does  a  metal-ceramic  system.  This  metallic  graded  bond  coat/ceramic  TBC  structure 
avoids  an  expansion  discontinuity  and  provides  tolerance  to  macro-strains  generated  by 
the  higher  expansion  rate  behavior  of  the  underlying  superalloy  substrate. 

For  example,  consider  a  monolithic  metallic  bond  coat  (see  Figure  3-1).  The  thermal 
conductivity  and  thermal  expansion  of  the  substrate  and  the  bond  coat  are  similar,  and 
much  greater  than  that  of  the  outer  ceramic  layer.  This  results  in  a  high  thermal  gradient 
and  large  length  change  across  the  ceramic,  with  an  expansion  discontinuity  at  the  bond 
coat-outer  layer  interface. 

If  the  bond  coat  is  modified  to  become  an  FGM  cermet,  mixing  ceramic  and  metallic 
phases  in  one  or  more  layers,  the  results  summarized  in  Figure  3-2  obtain.  The  metal- 
containing  portion  of  the  FGM  now  has  a  lower  thermal  conductivity  than  the  metal 
mauix  would  have  if  free  of  ceramic,  and  its  temperamre  is  increased  relative  to  the  all- 
metallic  case,  with  a  greater  risk  of  metallic  phase  oxidation  and  delamination  of  the  outer 
TBC  layer.  This  has  been  a  major  difficulty  in  the  application  of  FGMs  as  TBC  systems. 
Superalloy  oxidation  rates  may  be  50%  or  more  greater  for  each  IOC  rise  in  temperature 
at  lOOOC  and  above.  The  generation  of  spallation  stresses  is  faster  with  a  more  rapidly 
growing  thermal  oxide. 

A  metal-to-ceramic  FGM  is  required  where  the  thermal  expansion  coefficient  of  the  metal- 
containing  portion  lies  between  that  of  the  substrate  and  the  outer  TBC  layer,  and  the 
thermal  conductivity  of  the  metal-containing  portion  is  similar  to  the  superalloy  substrate 
(Figures  4-1  and  4-2).  This  can  be  achieved  by  a  metal-containing  portion  that  contains 
three  or  more  constituents.  Thermal  conductivity  and  thermal  expansion  coefficients  are 
plotted  as  functions  of  temperature  for  various  material  classes  (Figure  4-3)  [74].  The 
oxides  have  low  conductivity  and  low  thermal  expansion;  superalloys  and  aluminides  have 
high  conductivity  and  high  expansion;  while  refractory  metals  and  metal  carbides  have 
high  conductivity  but  low  thermal  expansion.  The  refractoij^  metals  and  metal  carbides, 
then,  provide  a  third  component  (after  the  aluminide  and  superalloy-like  components)  that 
can  permit  independent  variation  of  thermal  conductivity  and  thermal  expansion.  The 
elements  O,  Mo,  and  W  each  have  excellent  thermal  conductivity  (increasing  from  Cr  to 
Mo  to  W)  and  expansion  behavior  at  lower  rates  than  the  superalloys  (decreasing  from  Cr 
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to  Mo  to  W).  These  elements  must  be  considered  for  incorporation  into  the  metallic 
regime  of  the  FGM  only  after  a  careful  evaluation  of  their  influence  on  environmental 
resistance.  Although  Cr  yields  less  latitude  in  terms  of  altering  FGM  conductivity  and 
expansion,  it  by  far  has  a  less  damaging  effect  on  superalloy  environmental  resistance  than 
do  W  or  Mo.  Other  components  that  could  be  considered  for  the  metallic  regime  of  the 
FGM  include  intermetallic  phases  and  intermediate  compounds.  The  phase  Cr3Si  is  one 
such  material  that  is  expected  to  have  good  chemical  compatibility  with  NiAl,  and  to 
provide  reasonable  oxidation  resistance  and  thermal  conductivity,  in  conjunction  with 
NiAl,  while  still  allowing  graded  thermal  expansion  behavior. 

The  use  of  three  or  more  such  components  within  the  metal-containing  portion  - 
superalloy,  NiAl,  metal  carbide,  refractory  metal,  and  metal  intermetallic  -  can 
independently  control  thermal  expansion  and  thermal  conductivity  to  optimize  the  stress 
distribution  and  temperature  profile  through  the  coating.  Additionally,  appropriate 
composition  modulation  can  maintain  phase  equilibria  at  the  superalloy/FGM  interface  and 
simultaneous  good  oxidation  resistance  at  the  outer  graded  regions  adjacent  to  the  fully 
ceramic  FGM  surface  layer. 

A  ternary  diagram  of  the  Cr-Zr-O  system  (Figure  4-4)  [75]  suggests  another  promising 
model  system.  With  two-phase  equilibria  among  Cr,  Zr02,  and  Cr203,  a  three-phase 
equilibrium  also  exists  among  the  three  phases.  Because  A1203  and  Cr203  form  an 
extensive  series  of  solid  solutions,  (Cr,Al)203  solutions  can  likely  be  found  in  equilibrium 
with  Cr  and  Zi02.  Additionally,  for  the  Cr-2fr-C  system,  a  two-phase  equilibrium  exists 
between  (Hr  and  ZrC,  suggesting  that  tie  lines  for  reactions  between  the  chromium  carbides 
and  Zr02  will  lie  in  the  tetrahedron  defined  by  Cr,  Cr3C2,  ZrC,  and  Zr02.  Phases  Zr02, 
A1203, 03(I!2,  Cr,  and  NiQAl  could  constitute  an  initial  model  system. 

Since  NiAl  and  PtAl  are  capable  of  being  in  equilibrium  with  Cr  and  with  superalloy 
phases,  an  expanded  model  system  could  include  these  components,  particularly  for  the 
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high  thermal  conductivity  ofNiAl. 

Fabrication 

The  sedimentation  approach  has  been  used  successfully  to  produce  graded  composite 
structures  of  NiAl-A1203,  which  were  evaluated  by  bend  testing  and  thermal  cycling  [49]. 
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In  this  method,  powders  were  dispersed  in  a  hydrophobic  solvent,  and  the  gradient  in 
structure  was  developed  from  separately  produced  layers.  After  sedimentation,  the 
samples  were  hot  pressed  into  coupons.  It  would  be  difficult  using  this  method  to  create 
the  desired  steep  chemical  gradients  consistent  with  aerodynamic  restrictions  to  added 
thickness. 

Thermal  barrier  coatings  are  commonly  fabricated  using  plasma-spraying  and  physical 
vapor  deposition  (PVD),  including  electron-beam  PVD  (EBPVD).  We  have  considerable 
experience  in  composite  and  FGM  structures  manufactured  by  LPPS  (low-pressure  plasma 
spray)  [29, 76-79].  Other  mediods  which  can  be  used  to  produce  either  coatings  or 
coupons  for  testing  include  HIP  of  blended  powders,  sedimentation,  and  co-precipitation. 
In  the  plasma-spray  process,  powder  is  fed  into  a  high-temperature  plasma,  and  the 
powder  particles  melt  in  the  plasma  before  impacting  on  the  substrate.  This  process  can  be 
done  by  LPPS  or  in  air  (air  plasma-spray,  or  APS).  The  advantage  of  LPPS  over  APS  is 
that  the  LPPS  coatings  tend  to  have  better  bond  strength  and  oxidation  resistance  [80]. 
These  processes  can  easily  be  used  to  produce  monolithic  coatings  [3]  and  micro-laminate, 
or  graded,  coatings  [22,29].  The  microstructure  of  the  coatings  is  closely  controlled  by 
spray  parameters. 

Alternatively,  PVD  and  EBPVD  are  effective  methods  for  coating  deposition.  The  bond 
coat  can  be  deposited  by  PVD  or  by  some  other  method,  such  as  APS  [3].  The  ceramic 
topcoat  is  produced  by  vaporizing  Y203-stabilized  Zr02  feedstock  using  a  high  energy 
electron  beam  [80].  This  process  has  been  used  to  produce  smooth  coatings  with  vertical 
microcracks  or  with  columnated  structures.  We  have  developed  capability  of  EB 
evaporation  alternately  from  two  separate  pools  (56),  and  we  have  been  able  to  apply  that 
deposition  technology  to  FGMs.  However,  commercial  sources  who  can  produce  EBPVD 
structures  as  airfoil  coatings  often  have  limited  process  capability  beyond  single-pool 
evaporation.  Researchers  at  ICEBT-Kiev  (57)  have  developed  a  process  for  deposition  of 
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a  graded  chemistry  from  single  pool  (described  in  5.2).  We  have  used  their  approach  to 
produce  graded-chemistry  deposits  of  the  appropriate  materials  for  the  metallic  regime  of 
our  FGMs.  The  ceramic  portion  of  such  FGMs  could  be  nanocrystalline  materials 
produced  separately  and  joined  to  the  remainder  of  the  FGM,  or  could  be  conventionally 
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produced  EBPVD  TBCs.  With  our  fundamental  studies  helping  to  define  FGM  materials 
with  substantially  improved  reliability,  research  will  be  required  subsequently  to  provide 
technology  development  for  practical  FGM  manufacture,  particularly  if  nanoceramic 
technology  is  desired  for  thermal  conductivity  or  stability/plasticity  considerations. 

Evaluation 

We  have  concentrated  on  evaluation  of  homogeneous  structures  representative  of 
particular  locations  in  the  FGM  (both  for  the  metallic  bond  coat  regime  and  the 
nanoceramic  TBC  regime)  for  characterization  of  as-fabricated  microstructures,  long-time 
phase  stability,  oxidation  resistance,  and  physical  properties  such  as  elastic  modulus, 
thermal  conductivity  and  thermal  expansion.  Microstructural  characterization  of  as- 
fabricated  and  thermally  exposed  samples  was  done  using  optical  microscopy,  scanning 
electron  microscopy,  and  electron  microprobe  analysis  to  look  at  phase  interactions. 
Evaluations  of  the  graded  metallic  portions  of  the  FGM  which  we  produced  by  EBPVD 
consisted  of  chemical  microprobe  measurements  after  deposition  and  after  subsequent  heat 
treatments. 

43  Modeling  -  Heat  Transfer,  Stress,  and  Temperature  Analysis 
In  this  portion  of  our  research,  we  used  existing  models  to  select  materials  systems  and 
structures  and  to  predict  performance  of  the  FGMs.  One  of  the  goals  was  to  control 
independently  the  temperature  profile  (by  controlling  thermal  conductivity),  and  stress 
distribution  (by  controlling  thermal  expansion).  Simple  models  were  used  based  on  rule  of 
mixtures  to  aid  in  the  process  of  choosing  the  components  of  the  FGMs  and  the 
microstructures  to  be  evaluated  for  those  components  (see  Section  4.2).  Once  behavior 
was  characterized  for  homogeneous  composite  materials,  these  characterizations  could  be 
used  in  more  sophisticated  finite  element  analyses  to  predict  the  performance  of  the  actual 
FGM  structures. 

A  good  understanding  of  the  stress  characteristics  of  the  functionally  graded  TBC  system 
is  very  important  in  the  development  of  the  fabrication  processes  and  in  the  evaluation  and 
ranking  of  various  systems.  The  TBC  thermal  stresses  can  be  minimized  with  proper 
selection  of  the  individual  layer  thicknesses  and  compositions.  In  the  design  of  FGMs, 
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both  the  residual  stresses  arising  from  cooling  after  processing,  and  the  thermal  and 
mechanical  stresses  generated  by  temperature  gradients  and  constraints  in  the  actual 
operating  conditions,  must  be  considered. 

Large  differences  in  thermal  expansion  characteristics  and  poor  chemical  compatibility  of 
ceramics  and  metals  result  in  low  strength  and  durability  of  these  materials.  The  FGM 
system  permits  a  gradual  change  from  the  substrate  to  the  fully  ceramic  portion  of  the 
FGM.  The  intermediate  region  can  be  designed  with  varying  volume  fractions,  resulting  in 
desirable  profiles  of  thermal  and  mechanical  properties.  The  effects  of  gradation  size  and 
material  constants  -  such  as  Young’s  modulus,  thermal  conductivity,  and  thermal 
expansion  coefficients  -  were  investigated  using  finite  element  analysis,  with  graded 
properties  assumed  to  follow  rule  of  mixtures  behavior. 

One  of  the  important  tasks  was  to  determine  the  optimum  rate  of  these  property  variations 
for  temperature  and  stress  profiles.  This  requires  a  systematic  and  parametric  study  of  the 
variables  in  the  coating  process  that  is  beyond  the  scope  of  the  proposed  work,  and  is 
really  application-specific.  Our  experimental  and  modeling  characterization  of  selected 
FGM  structures  can  provide  a  scientific  framework  for  future  engineering  optimization. 

In  the  modeling  study,  the  effects  of  different  sizes  of  graded  zones  on  the  residual  and 
thermal  stresses  were  investigated. 

Kaya  et  al.  [81]  provides  an  extensive  literature  review  on  TBC  failure  and  life  prediction. 
We  have  performed  property  estimation,  heat  transfer  and  stress  analyses,  with  more 
detailed  failure  analyses  being  appropriate  when  a  FGM  system  is  eventually  selected. 
Reducing  the  stress  levels  is  only  one  function  of  the  FGM  coating  [51].  Its  second 
important  function  is  to  maintain  an  effective  thermal  protection.  To  determine  the  effects 
of  microstructure,  the  heat  transfer  and  stress  analysis  problems  must  be  considered 
simultaneously  and  the  functional  distribution  of  the  volume  fractions  must  be  varied 
through  the  thickness. 

4.4  Thermal  Conductivity  of  Nanocrystalline  Ceramics 

To  understand  the  effects  of  nanocrystalline  ceramic  materials  on  thermal  conductivity  and 
structural  stability,  we  concentrated  on  bulk  nanocrystalline  samples. 
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Ultrafine  Zr02-3  mol%Y203  powders  were  synthesized  by  chemical  co-precipitation 
from  chloride  salts  using  our  established  procedure  [84].  This  synthesis  technique 
produces  relatively  large  amounts  of  powder  (~20  g/batch)  with  a  highly  controllable 
particle  size  (ranging  monotonically  from  8  to  20  nm,  depending  on  the  pH  used  in  the 
precipitating  solution  [67]  and  reproducibly  high  purity  (<0.012  wt%  oxide  impurities) 

[85].  Most  important,  the  powders  are  very  weakly  agglomerated,  which  means  that  they 
can  be  sintered  to  full  density  and  still  retain  a  grain  size  under  100  nm  [67].  (In  contrast, 
strongly  agglomerated  powders  usually  produce  grain  sizes  on  the  order  of  the 
agglomerate  size  when  they  are  densified;  thus,  even  though  the  powder  is  nanocrystalline, 
the  bulk  samples  produced  from  the  powder  have  submicron-  or  micron-sized  grains.)  The 
Zr02-3  mol%Y203  powders  were  processed  into  bulk  samples  for  thermal  diffusivity 
measurements.  The  bulk  samples  were  made  by  techniques  to  vary  the  pore  size/grain  size 
ratio  among  the  samples.  It  has  been  shown  [73]  that  the  starting  powder  packing 
arrangements,  which  are  established  by  the  consolidation  technique,  set  the  subsequent 
pore  size  evolution  during  sintering  of  the  solid.  Three  candidate  consolidation  techniques 
were  centrifugal  casting  of  powder  suspensions,  sinter-forging  of  powder  compacts,  and 
pressureless  sintering  of  powder  compacts.  All  three  techniques  have  previously  been  used 
in  the  laboratory  facilities  at  Pennsylvania  State  University  that  were  also  available  to  the 
current  program,  and  are  explained  more  thoroughly  in  [86,87,73],  respectively. 

Using  the  above  consolidation  techniques,  we  attempted  to  achieve  grain  sizes  ranging 
from  30  to  150  nm,  with  pores  ranging  in  size  from  a  few  angstroms  to  10  nm  and 
densities  from  63  to  100  percent,  respectively.  The  varying  grain-sized  full-density  samples 
would  allow  us  to  establish  the  role  of  grain  boundaries  in  phonon  scattering  (or  the 
establishment  of  conduction  along  a  new  grain  boundary  ’phase’  if  the  two-phase  mixture 
speculations  are  true).  Similarly,  a  selection  of  samples  with  a  wide  range  of  pore  sizes, 
but  a  given  grain  size  and  density,  would  allow  us  to  determine  more  precisely  the  thermal 
conduction  role  of  pores.  For  comparison  to  more  standard  zirconia  ceramics,  we  also 
fabricated  samples  from  commercial,  submicron  Zi02-3  mol%Y203  (TZ-3Y  powder 
from  the  Tosoh  Co.,  in  Tokyo,  Japan;  this  powder  is  the  finest  commercial  Zr02- 
3mol%Y203,  and  its  purity  is  currently  comparable  to  that  of  our  laboratory  powders). 
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To  measure  grain  sizes  in  our  samples,  we  used  x-ray  line  broadening  (XRLB)  with  the 
results  analyzed  by  the  Scherrer  technique  [88].  Sample  densities  were  measured  by  the 
Archimedes  technique,  and  the  sample  pore  size  distribution  was  measured  by  nitrogen 
adsorption  porosimetry  and/or  mercury  intrusion  porosimetry.  For  the  smallest  pores  (<2 
nm)  -  and  in  particular,  for  closed  pores  (which  cannot  be  measured  by  either  adsorption 
or  intrusion  techniques)  -  we  could  have  used  the  small-angle  neutron  scattering  and 
small-angle  x-ray  scattering  (SANS  and  SAXS)  facilities  at  the  Oak  Ridge  National 
Laboratory,  but  decided  this  was  not  needed.  Prior  research  has  shown  this  technique  to 
be  quite  valuable  in  measuring  the  pore  size  distributions  of  nanocrystalline  materials  [89], 
particularly  under  the  restrictive  conditions  of  very  small  pores  and  closed  pores,  as 
mentioned  above. 

Once  the  samples  were  manufactured  and  characterized,  their  thermal  diffusivities  were 
measured  by  laser  flash  thermal  diffusivity  at  the  Oak  Ridge  National  Laboratory.  The 
temperatures  for  thermal  diffusivity  measurements  ranged  from  room  temperature  to 
lOOOC.  Because  grain  growth  in  pure  Zr02-3  mol%Y203  samples  is  known  to  occur  at 
elevated  temperatures  [73],  the  microstructural  characterization  of  high-temperature 
samples  was  performed  after  the  thermal  diffusivity  measurements.  From  the  thermal 
diffusivity  results,  the  thermal  conductivity  can  be  calculated  according  to 
K  =  d  p  Cp  (4.4-1) 

where  K  is  the  thermal  conductivity,  d  is  the  thermal  diffusivity,  p  is  the  sample  density 
(which  we  measured  by  Archimedes’  technique)  and  Q  is  the  sample  heat  capacity.  The 
heat  capacity  was  measured  independently  using  differential  scanning  calorimetry  (DSC) 
with  A1203  as  the  reference  material. 

The  data  that  resulted  from  these  experiments  was  analyzed  to  yield  thermal  conductivity 
(and  thermal  diffusivity)  as  a  function  of  grain  size  (or,  equivalently,  grain  boundary 
density),  pore  size,  and  sample  density.  From  the  dependencies  on  these  parameters,  we 
were  able  to  determine  if  new  phonon  scattering  mechanisms  are  operative,  or  if  two- 
phase  conduction  is  present.  Two-phase  conduction  is  expected  in  the  case  of  porous 
samples,  where  heat  can  be  conducted  both  through  the  lattice  and  along  the  pores.  As 
mentioned  earlier,  two-phase  conductivity  may  exist  even  in  dense  samples,  if  the  grain 
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boundaries  are  sufficient  in  number  (note  that  for  a  5-nm  grain  size  sample,  almost  half  the 
atoms  will  lie  on  grain  boundaries)  and  sufficiently  different  in  character  from  the  lattice 
that  they  can  be  thought  of  as  a  second  phase,  distinct  from  the  lattice.  This  two-phase 
conduction  in  dense,  grain-boundary-rich  material  was  first  postulated  by  Charvat  and 
Kingery  many  years  ago  [71],  but  to  our  knowledge,  has  never  been  observed. 

5.0  Results  and  Discussion  of  Research 

The  research  performed  to  characterize  the  high-conductivity,  all-metallic  expansion- 
graded  bond  coat  to  be  coupled  to  the  low-conductivity  nanoceramic  FGM  TBC  system  is 
presented  in  this  section.  The  work  will  be  reviewed  in  terms  of  1)  the  model  and  the 
bond  coat  components,  2)  the  fabrication  of  a  representative  FGM  bond  coat,  and  3)  the 
thermal  properties  of  the  nanoceramic  structures. 

5.1  Modeling  and  Candidate  Bond  Coat  Behavior 

System  concepts  were  surveyed  to  decide  on  a  material  system  to  model  and  to 
characterize  experimentally.  Some  of  the  systems  considered  consisted  of  superalloys  and 
NiAl  or  (Ni,Pt)Al,  combined  with:  refractory  monocarbides  (ra,Ti...)C;  bcc  metals  W, 

Mo,  Cr;  oxidation  resistant  carbides  such  asCrxCy;  intermetallic  phases  such  as  Cr3Si  or 
Cr2Ta;  combinations  of  the  above. 

Systems  which  used  either  refractory  metal  W  or  Mo  to  reduce  CTE  while  maintaining  or 
increasing  conductivity  were  removed  from  consideration  because  these  elements  in  the 
fractions  (0.2-0.3)  needed  to  provide  sufficient  expansion  reduction  would  severely 
degrade  oxidation  resistance  to  unacceptable  levels.  These  would  also  add  substantially  to 
airfoil  mass.  Systems  relying  on  the  monocarbides  of  Ta,  Ti,  Nb,  V,  Hf  and  Zr  all  can  be 
in  equilibrium  with  superalloys.  However,  these  were  removed  from  consideration  due  to 
their  dramatic  degradation  of  environmental  resistance.  Some  of  these  systems  could 
result  in  significant  density  reductions,  contributing  to  lighter  coatings.  These  materials 

A 

could  prove  valuable  in  controlling  expansion  and  conductivity,  provided  they  were  buried 
beneath  the  surface.  Coating  structures  combining  an  outer  protective  layer  over  these 
less  resistant  materials  could  make  an  acceptable  FGM. 
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The  intermetallic  phase  Cr3Si  is  an  interesting  candidate.  It  has  a  high-temperature 
equilibrium  with  NiAl,  but  can  reduce  the  temperature  capability  of  the  underlying 
substrate  if  it  reacts  to  form  lower  melting  silicides  that  are  in  equilibrium  with  the 
superalloy.  This  material  was  not  modeled  due  to  these  concerns,  but  concepts  are 
possible  where  this  phase  is  isolated  in  the  NiAl  to  provide  a  useful  combination  of 
properties. 

The  selection  was  finally  narrowed  to  structures  of  NiAl  and  the  Ni  solid  solution  (Ni,...) 
with  different  contents  of  a-Cr  and  the  M7C3  (Cr-rich  M)  phase.  This  material  family 
offers  light  weight,  good  oxidation  resistance,  and  a  range  of  mechanical  and  physical 
behaviors.  The  modeling  and  experiments  considered  only  P  based  on  NiAl,  but  could 
have  easily  treated  P  phases  modified  by  Pt  for  enhanced  oxidation  resistance. 

The  alloy  candidates  for  the  different  regions  of  the  FGM  are  listed  in  Table  5.1.  These 
can  be  put  in  context  by  the  schematic  phase  diagrams  in  Figure  5.1.  The  alloys  contained 
different  fractions  of  the  phases  M7C3,  (Ni,...),  p,  and  a-Cr.  Since  (Ni,...)  and  NiAl  are 
relatively  high  in  CTE,  similar  to  the  single  crystal  superalloy,  they  were  the  predominant 
phases  for  the  region  of  the  FGM  closest  to  the  substrate.  A  single  alloy  (alloy  7  in  the 
table)  was  selected  for  the  study  for  that  innermost  layer.  The  location  of  that  alloy  is 
represented  in  phase  space  in  Figure  5.1.  For  regions  somewhat  removed  from  the 
substrate,  two  alloys  were  selected.  Both  had  15%  each  of  a-Cr  and  M7C3,  with  alloy  5 
having  more  (Ni,. . .)  than  NiAl,  and  alloy  6  having  the  opposite  phase  distribution.  These 
materials  would  thus  have  different  A1  levels  to  re-supply  A1  to  the  surface  as  oxidation 
and  spallation  proceed.  This  is  not  an  issue  while  the  TBC  ceramic  remains  in  place,  since 
the  thermally  grown  oxide  (TGO)  growth  rate  decreases  rapidly  for  the  parabolic  growth 
kinetics  in  the  absence  of  spalling.  Once  the  TBC  ceramic  is  lost,  the  coating  must 
provide  protection  for  the  underlying  substrate,  so  that  aluminum  availability  is  important. 
Again,  the  alloy  5  and  6  chemistries  are  represented  in  Figyre  5.1.  The  microstructure  of 
alloy  2  is  included  in  Figure  5.1. 
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Table  5.1  -  Candidate  Alloy  Compositions  for  FGMs  (phase  v/o  and  alloy  elemental  a/o) 


a 

Y 

M7C3 

Ni 

Cr 

A1 

C 

■1 

45 

25 

30 

0 

mm 

0 

30 

25 

30 

15 

wm 

4.5 

H 

15 

25 

30 

30 

39.2 

39.7 

12.1 

9.0 

m 

0 

25 

30 

45 

40.5 

34.0 

12.0 

13.5 

5 

■B 

25 

45 

15 

33.7 

13.6 

4.5 

6 

■9 

45 

25 

15 

30.5 

18.8 

4.5 

■1 

0 

25 

60 

15 

58.5 

22.0 

14.9 

4.6 

a-98Cr  INi  lAl;  p-4Cr  60Ni  36A1;  Y-20Cr  70Ni  9.9A1 0.IC;  M7C3-60Cr  lONi  30C  (a/o) 
[approximate  phase  chemistries  at  1100  “C] 


For  the  region  of  the  FGM  immediately  below  the  ceramic,  the  lowest  CTE  is  desired, 
with  A1  concentration  sufficient  to  maintain  alumina  growth.  Four  alloys  (1-4  in  Table  5.1 
and  Figure  5.1)  were  selected  for  evaluation.  These  have  a  sum  of  45%  of  the  low- 
expanding  a-Cr  and  M7C3,  with  each  of  those  phases  varying  between  0  and  45%.  The 
remainder  of  this  region  is  (Ni,...)  and  NiAl  sufficient  to  provide  an  A1  level  to  support 
alumina  growth. 

For  the  modeling  woric,  properties  were  estimated  for  each  of  these  7  layer  chemistries 
based  on  rule-of-mixtures.  The  estimates  are  shown  as  functions  of  temperature  in  Figure 
5.2.  Included  in  the  figures  are  properties  typical  of  YS-zirconia  and  of  Rene  N5,  an 
advanced  single  crystal  superalloy.  The  Rene  N5  is  used  with  the  low-modulus  [100] 
crystallographic  direction  in  the  plane  of  the  airfoil  wall.  The  modulus  in  Figure  5.2  is  thus 
much  lower  than  values  shown  for  the  FGM  materials,  which  are  equiaxed  (Ni,. . .),  NiAl, 
and  the  stiffer  a-Cr  and  M7C3. 

The  case  study  model  is  illustrated  in  Figure  5.3.  The  cooling  air  and  combustion  gas 
temperatures  and  heat  transfer  coefficients  result  in  predictions  which  are  consistent  with 
expected  metal  and  TBC  temperatures.  The  zirconia  layer  is  isolated  from  the  superalloy 
substrate  by  three  layers  of  the  FGM  bond  coat,  BCl,  BC2  and  BC3.  In  all  case  studies, 
BC3,  nearest  the  substrate,  was  assumed  to  have  the  properties  of  alloy  7.  The 
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intermediate  layer  BC2  was  either  alloy  5  or  6,  and  the  surface  layer  BCl  was  either  alloy 
1, 2, 3  or  4.  This  gave  a  substantial  range  of  elastic  modulus  variation  while  essentially 
maintaining  expansion  behavior  unchanged  from  alloy  to  alloy.  The  thermal  conductivities 
were  generally  greater  for  the  FGM  than  for  the  highly  alloyed  superalloy  substrate 
(Figure  5.2).  For  case  study  identification,  the  labeling  convention  employed,  by  example, 
was  A15.  where  the  layer  thicknesses  were  those  of  case  type  A  (see  Figure  5.4),  BCl 
was  alloy  1,  and  BC2  was  alloy  f,  BC3  was  always  alloy  7,  and  therefore  did  not  need  to 
be  specified  in  the  label. 

Figure  5.4  illustrates  the  different  cases,  where  the  total  thickness  of  BCl,  BC2,  and  BC3 
summed  to  0.1  mm  (100p.m),  but  where  the  inner  and  outer  layer  thicknesses  were  varied 
from  0.025  to  0.045mm,  while  BC2  was  always  0.030mm.  The  ceramic  thickness  and 
substrate  thickness  were  held  constant  at  values  typical  of  aircraft  engine  blade  airfoil 
walls. 

Modeling  of  FGM  Systems  -  Twenty-four  elastic  cases  were  run  in  the  FGM  finite 
element  analysis  of  thermal  stresses  generated  in  a  cooled  structure  in  a  hot  gas  (thermal 
stress  assumed  to  be  zero  at  room  temperature).  In  addition,  some  calculations  were 
performed  on  monolithic  bond  coat  structures. 

To  a  first  approximation,  the  TBC  surface  temperature  was  1200°C,  the  bond  coat/TBC 
interface  was  965°C,  the  bond  coat/superalloy  interface  was  954°C,  and  the  cold  wall  of 
the  superalloy  was  810°C.  These  temperatures  varied  by  +/-3C.  Base  cases  were  also 
calculated  for  an  all-P  bond  coat  in  the  case  studies,  varying  elastic  modulus  from  values 
equivalent  to  the  single  crystal  substrate  to  values  of  alloy  6.  In  real  airfoils,  the  P  phase 
can  be  fine  equiaxed  grains,  or  it  could  be  a  single  grain  across  the  thickness,  which  may 
or  may  not  have  a  preferred  texture.  Temperatures  calculated  for  the  base  cases  were  as 
above  for  the  FGMs.  When  a  graded  alumina-MCrAlY  case  was  calculated,  the 
temperature  at  the  TBCVbond  coat  interface  was  approximately  IOC  higher  than  for  the 
all-metallic  bond  coat  calculations. 

The  range  in  elastic  modulus  and  expansion  behavior  assumed  for  alloys  1-4  resulted  in 
calculated  elastic  stresses  varying  from  ~250MPa  to  ~400MPa,  as  seen  in  Figure  5.5. 
These  stresses  would  be  substantially  reduced  in  an  elastic-plastic  analysis.  For 
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monolithic  P  bond  coats,  the  stresses  calculated  for  the  TBC  layer  were  strongly 
dependent  on  the  assumed  modulus.  The  calculation  labeled  B  ASEX  in  Figure  5.5  was 
for  modulus  equivalent  to  the  single  crystal  substrate.  When  the  higher  modulus  values 
were  used,  results  of  the  TBC  stress  calculation  matched  A15-A16  in  Figure  5.5.  If 
actual  values  were  used  in  the  case  study  calculations,  based  on  our  measured  expansion 
and  room  temperature  modulus  values,  the  four  BCl-layer  alloys  1-4  are  expected  to  be 
closer  in  stress  state,  and  possibly  to  be  less  stressed  due  to  their  lower  actual  moduli. 
However,  the  high-Cr  alloy  is  expected  to  reduce  stresses  plastically  much  further  than 
the  high-M7C3  alloy  4,  because  of  differences  in  strength  and  ductility  between  these 
two  materials. 

The  calculated  stresses  in  the  YSZ  TBC,  ~25MPa,  are  about  20%  lower  than  the 
calculated  value  for  the  TBC  on  a  monolithic  coating  on  a  single  crystal  superalloy.  This 
amount  of  reduction  may  be  significant  in  reducing  the  driving  force  for  TBC  loss  due  to 
alurmna  spallation  or  TBC  delamination. 

Materials  for  FGM  Bond  Coats  -  All  seven  of  the  FGM  alloys  were  produced  by 
induction  melting  and  casting,  and  were  directionally  solidified  at  20cm/h  to  produce 
sound  material,  and  test  pins  2.5  cm  long  and  .25  cm  in  diameter  were  taken  in  a 
transverse  orientation  to  produce  a  multi-grained,  non-directional  sample  axis  for 
dynamic  modulus,  dilatometric  thermal  expansion  and  oxidation.  A  pin  of  each  was 
tested  in  one-hour  cyclic  oxidation  to  1 100°C  for  525  hours. 

Pin  samples  were  subjected  to  differentialdilatometric  evaluation  over  the  range  23- 
1200°C,  with  a  heating  rate  of  10°C/min,  with  an  alumina  standard.  Rule-of-mixture 
estimates  of  thermal  expansion  were  made  before  testing,  by  using  known  data  for  the 
three  metal  phases  and  their  expected  volume  fractions,  and  using  an  assumed  expansion 
behavior  for  the  carbide  that  was  somewhat  lower  than  that  of  Cr  (~0.85  x  %  expansion  of 
Cr).  These  estimated  values  predicted  expansion  of  ~1.4%*(1.38%  for  alloy  4, 1.45%  for 
alloy  1)  from  room  temperature  to  1 100°C.  These  values  are  all  greater  than  the  1.22% 
expansion  of  YSZ.  However,  the  measured  expansion  showed  the  carbide-free  alloy  1  to 
be  lower  in  expansion  than  expected,  and  quite  close  to  YSZ.  The  carbide-containing 
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alloys  2-4  showed  substantially  greater  expansion  than  expected,  and  greatr  than  alloy  1 
or  YSZ  (Figure  5.6).  Small  differences  in  the  volume  percentages  of  the  low-expansion 
aCr  and/or  carbide  phases  from  those  assumed  in  Table  5.1  could  account  for  the 
differences  in  expansion  behavior.  All  four  alloys  exhibited  markedly  increased  rates  of 
expansion  above  1(X)0°C.  At  approximately  this  temperature,  there  is  a  four-point 
invariant  reaction  in  the  NiCrAl  equilibrium  diagram.  At  temperatures  greater  than 
1(XX)®C,  there  is  a  y-P  phase  field  that  isolatesy’  from  a,  while  below  that  temperature  the 
a-y’  field  replaces  they-P  field.  As  temperamre  rises  above  1(XX)°C,  the  volume  fraction 
of  a  in  the  stracture  is  reduced,  and  the  suppression  in  expansion  behavior  of  the  alloys 
due  to  the  aCr  phase  is  lessened.  Elastic  modulus  measurements  were  made  at  room 
temperature  using  a  dynamic  ultrasonic  method.  Values  of  241-248  GPa  were  estimated, 
based  on  values  of  290-310  GPa  for  the  Cr  and  carbide  phases,  and  values  of  193-207 
GPa  for  y  and  p.  Measured  values  were  221-228  GPa  for  alloys  1-4,  with  the  range  too 
small  to  see  any  trend. 

Pin  samples  .25cm  in  diameter  and  2.5  cm  in  length  were  subjected  to  one-hour  cyclic 
oxidation  in  a  static  air  furnace,  with  periodic  removal  for  visual  evaluation  and  weight 
measurements.  Weight  gain  per  unit  area  is  shown  in  Figures  .7,  along  with  a 
microstmcture  for  oxidized  alloy  2  Oxidation  rate  is  relatively  low  for  alloy  1,  and  rate 
of  oxidative  attack  is  seen  to  increase  with  carbide  volume  fraction.  Samples  were 
continued  through  525  hours  of  cyclic  oxidation,  with  alloy  1  showing  a  gain  of  14.5 
mg/cm  2,  alloy  2  a  loss  of  17.6,  alloy  3  a  gain  of  16.3,  and  alloy  4  a  gain  of  72mg/cm?. 
For  reference,  if  a  weight  gain  reflected  only  growth  of  M2O3,  with  no  simultaneous 

spallation,  a  weight  gain  of  ~2mg/cm2  would  represent  lOfim  of  oxide  growth.  If  a 
weight  loss  reflected  only  spallation  of  oxide,  with  no  simultaneous  oxidation,  a  weight 
loss  of  ~7mg/cm  2  would  represent  10|J,m  of  metal  loss  to  oxide  spallation.  Alumina 
formation  resulted  in  substantial  A1  depletion.  The  alumina  scale  is  not  protective,  and 
loss  of  P  phase  due  to  A1  diffusion  to  the  surface  oxide  growth  front  is  evident,  as  is 
internal  oxidation  where  the  A1  loss  has  been  greatest.  For  reference,  formation  of  lOjim 
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of  alumina  consumes  >10p.m  of  NiAl,  >27^im  of  a  20a/o  A1  alloy,  and  >54im  of  a 
lOa/oAl  alloy. 

Summary  of  Modeling  and  Candidate  Bond  Coat  Behavior 

It  appears  possible  to  essentially  match  the  expansion  behavior  of  YSZ  TBCs  using  alloys 
which  are  combinations  of  metal  phases  ouCr,  p/V/A/,  and  yNi.  Building  gentle  gradient 
structures  in  all-metallic  materials  can  involve  simple  variation  of  the  proportion  of  a  phase 
through  the  thickness  of  the  FGM.  It  may  be  necessary  to  modify  FGM  microstructures  and 
chemistries  to  promote  better  oxidation  resistance  (a  richer  Al  source  within  the  FGM),  and 
to  develop  greater  phase  stability  if  TBCIFGM  interface  temperatures  exceed  1000°C.  The 
possibility  of  stress  reduction  in  the  TBC  in  such  a  material  system  is  very  promising. 

5.2  Fabrication  of  FGM  Structures 

The  creation  of  a  controlled  graded  chemistry  for  the  bond  coat  portion  of  the  FGM 
presents  several  possible  difficulties.  The  aerodynamics  of  the  throat  area  of  the  high 
pressure  turbine  in  jet  engines  dictate  that  the  graded  structure  be  produced  in  essentially 
the  same  thickness  as  current  conventional  bond  coats,  on  the  order  of  50  to  100  microns. 

This  makes  powder  processing  difficult,  since  the  powder  sizes  of  the  metallic  bond  coats 
are  typically  distributed  about  a  mean  of  20-25  microns,  to  avoid  (O,  N)  contamination  of 
the  large  surface-to-volume  ratios  for  finer  powders.  Even  for  thermal  spray  processed 
powders,  splatted  particle  sizes  are  on  the  order  of  10  microns  in  thickness,  so  that  only  a 
few  layers  of  particles  can  be  contained  within  the  required  coating  thickness,  severely 
limiting  the  process  and  the  gradient  control  that  is  achievable. 

Physical  vapor  deposition  processes  offer  the  possibility  of  building  gradients.  Multiple- 
target  sputtering  systems,  or  multiple-pool  electron  beam  evaporation  systems  both  can 
produce  gradients  in  thin  sections.  This  is  accomplished  by  ^alternating  the  exposure  of  the 
surface  being  coated  from  one  source  to  a  second  in  a  controlled  fashion,  either  by 
physically  moving  the  target  or  substrate,  or  by  energizing  one  then  the  other  deposition 
source.  For  coating  systems  with  more  than  two  elements,  such  as  in  the  polycomponent 
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FGMs,  further  difficulties  can  arise  ftom  differing  vapor  pressures  or  differing  sputter  rates 
for  the  multiple  elements  being  deposited. 

Graded  stmctures  have  been  produced  by  EBPVD  from  a  single  pool  [57].  By  using  a 
fixed-volume  deposition  source  and  consuming  that  source  in  the  evaporation  process,  the 
differential  vapor  pressures  can  be  used  to  create  the  graded  chemistry  directly.  In 
Movchan’s  experiments,  a  fixed  volume  of  Al-based  source  material  was  placed  in  a 
continuous  feed-rod  crucible,  above  a  feed-rod  of  zirconia.  The  high-vapor-pressure  A1 
evaporated  more  rapidly  than  the  other  solute  elements  initially,  leaving  an  increasingly 
solute-enriched  liquid  pool  above  the  zirconia  feed-rod.  Gradually,  the  other  elements 
were  also  evaporated  as  the  A1  was  depleted,  until  only  the  zirconia  remained  to  evaporate 
at  even  lower  rates.  In  these  experiments,  the  gradient  in  chemistry  was  produced  over  a 
very  thin  region,  generally  less  than  5  microns. 

In  our  experiments  described  below,  for  both  binary  and  more  complex  structures,  larger 
fixed-volume  sources  were  used,  evaporating  from  tungsten  cmcibles  held  in  water-cooled 
Cu  hearths,  to  produce  graded  structures  of  approximately  25  microns  thickness,  which 
when  reacted  with  the  superalloy  substrate,  produced  coatings  of  50  microns  thickness. 

Binary  Deposits 

The  experiment  is  shown  schematically  in  Figure  5.8.  A  homogeneous  Al-base  material 
was  placed  in  the  tungsten  crucible  and  evacuated  to  <10*  torr.  The  electron  beam  was 
then  directed  onto  the  source  material.  For  the  Al-base  alloys,  5  minutes  at  0.5kW 
produced  melting  with  little  evaporation.  Then,  in  two-minute  cycles,  the  power  to  the 
pool  was  increased  to  1, 1.5, 2  and  2.5KW,  with  the  pool  being  essentially  fully  consumed 
by  evaporation  at  the  end  of  this  cycle. 

A 

The  vapor  pressure  as  a  function  of  temperature  is  plotted  for  pure  A1  and  pure  Si  in  the 
figure.  For  the  pure-element  cases,  at  temperatures  of  interest,  the  A1  vapor  pressure  is 
10-1000  times  greater  than  is  the  Si  vapor  pressure.  The  figure  also  shows  schematically 
the  liquidus  temperamre  varying  from  660C  for  pure  A1  at  the  left  of  the  plot,  to  1414C 
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for  pure  Si  at  the  right  of  the  plot,  with  a  eutectic  of  577C  at  the  Al-rich  end  of  the  binary 
system. 

As  the  evaporation  begins  from  the  pool  at  a  power  level  of  IKW,  for  a  pool  of  nominally 
lOa/o  Si,  the  evaporant  is  nearly  pure  Al,  since  the  pure-element  ratios  of  vapor  pressure 
are  approximately  1000:1.  During  the  two  minutes  at  IKW,  the  pool  is  becoming  more 
enriched  in  Si  as  Al  is  evaporating  preferentially.  As  power  is  increased  through  1.5  and 
2KW  to  2.5KW,  Si  is  evaporated  at  a  significant  rate,  due  to  the  higher  pool  temperature 
and  the  Si-richer  pool  chemistry.  The  figure  also  shows  schematically  the  graded  ABi 
deposit  on  the  substrate  supported  above  the  pool  in  the  vapor  cloud. 

The  experiments  can  be  carried  out  with  heated  substrates,  in  which  case  reactions 
between  the  deposit  and  the  substrate  occur  in  situ,  producing  the  final  coating  directly. 
However,  this  also  leads  to  diffusional  fluxes  that  mask  the  degree  of  gradation  produced 
by  the  process,  as  homogenization  occurs.  For  the  experiments  performed  in  this  study, 
substrate  temperature  was  maintained  below  550C  to  avoid  a  liquid  deposit  and  substantial 
reaction  with  the  substrate.  There  was  some  Ni  diffusion  into  the  deposit,  even  at  these 
low  temperatures,  which  led  to  some  brittle  phase  formation.  This  procedure  still  led  to 
the  best  determination  of  gradient  formation  in  deposition,  and  subsequent  heat  treatment 
could  be  performed  to  form  the  reacted  coatings. 

Pure-element  vapor  pressures  as  functions  of  temperature  are  shown  in  Figure  5.9  for  Al, 
Cr,  Si  and  Zr.  For  binary  pools  the  vapor  pressure  differentials  are  about  a  factor  of  10 
for  Al  andCr;  Al-Si  was  discussed  above;  for  A15j  the  differential  is  six  orders  of 
magnitude  for  the  pure  elements.  These  elements  were  chosen  since  they  represent  an 
extremely  wide  range  of  pressure  differentials  relative  to  Al,  so  that  the  expected  range  of 

A 

chemistries  which  might  be  considered  for  bond  coatFGMs  might  conceivably  have 
differentials  as  wide  as  displayed  by  the  selected  binaries. 
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Also  shown  in  Figure  5.9  are  the  deposit  chemistries  as  a  function  of  distance  from  the 
substrate,  for  Cr,  Si  and  Zr  evaporated  from  the  Al-rich  binary  source  ingots.  Nominal 
chemistries  of  the  ingots  were  Al-lOa/oCr,  Al-lOa/oSi;  and  Al-0.5a/oZr.  For  each  binary, 
as  expected,  the  initial  deposit  was  much  poorer  in  solute  concentration  than  was  the 
source  ingot.  The  22  micron  thick  Al-Cr  deposit  had  chemistry  varying  from  about 
la/oCr  initially,  to  about  40a/oCr  in  the  last  material  deposited.  The  24  micron  thick  AlSi 
deposit  varied  from  about  O.la/oSi  adjacent  to  the  substrate,  to  again  about  40a/o  Si.  The 
16  micron  thick  Al-Zr  deposit  varied  from  nilZr  adjacent  to  the  substrate,  to  about  la/oZr 
at  the  surface.  The  Al-Zr  source  ingot  was  not  fully  consumed  during  deposition,  so  that 
the  remaining  Zr-rich  material  may  have  required  a  higher  evaporation  power  than  was 
used  in  the  experiment.  Source  ingots  were  ~16g  for  Al-Cr,  ~15g  for  Al-Si  and  ~15g  for 
Al-Zr,  with  pool-to-substrate  distance  maintained  at  15cm. 

For  the  binary  cases,  it  is  clear  that  gradients  can  be  achieved.  Surface  chemistries  and  the 
rate  of  chemical  grading  are  expected  to  be  functions  of  the  source  ingot  concentrations, 
total  source  volume,  power  levels,  and  the  ramp  rate  in  power.  For  example,  a  slower 
ramp  rate  or  a  constant  low  power  level  such  as  1.5kW,  will  evaporate  A1  proportionately 
greater,  so  that  the  solute  is  more  concentrated  in  the  final  deposition  regime,  once  the 
source  ingot  is  sufficiently  rich  in  solute.  If  the  power  levels  are  too  low,  however,  there 
may  be  insufficient  heating  to  evaporate  a  significant  quantity  of  the  solute.  This  trend  will 
increase  as  the  solute  selected  is  more  refractory  in  terms  of  its  vapor  pressure  - 
temperature  relationship. 

Complex  Deposits 

To  extend  the  experiment  to  a  more  complex  chemistry,  an  ingot  was  induction  melted  of 
nominally  Al-10a/oCr-10a/oSi-x0.2a/oY.  A  source  ingot  of  ~16g  was  prepared  for 

A 

evaporation,  and  the  pool  heating  sequence  was  selected  to  be  equivalent  to  that  used  for 
the  binary  alloys.  The  purc-element  vapor  pressure  -  temperature  curves  are  shown  in 
Figure  5.10.  The  schematic  drawings  indicate  the  gradient  in  chemistry  from  low- 
temperature  deposition  and  the  subsequent  growth  in  coating  thickness  as  the  superalloy 
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substrate  and  graded  coating  are  reacted  to  form  NiAl  from  the  A1  in  the  deposit.  The 
metallographic  images  are  of  the  as-deposited  material  and  theRene  N5  substrate  - 
graded  coating  reacted  after  deposition  by  a  heat  treatment  of  1 100C/4h/vacuum.  The  as- 
deposited  material  is  chemically  graded,  but  is  quite  brittle  due  to  the  very  higlCr  and  Si 
levels  and  to  some  interaction  with  the  superalloy  substrate  even  at  these  low 
temperatures.  The  cracking  seen  in  the  figure  is  believed  to  be  from  cutting  and 
metallographic  preparation,  since  macroscopic  investigation  of  the  deposit  surface  showed 
no  evidence  of  cracking.  After  heat  treatment,  the  formation  of  NiAl  is  the  primary  phase 
adjacent  to  the  superalloy  substrate,  while  the  outer  regions  of  the  deposit  contain  an 
appreciable  concentration  of  Cr3Si  in  equilibrium  withNiAl.  Even  through  a  heat 
treatment  where  liquation  of  the  EBPVD  Al-rich  coating  almost  certainly  occurred,  a 
strong  chemical  gradient  was  achieved  in  the  reacted  coating. 

Summary  of  Fabrication  of  FGMs 

The  possibility  of  deposition  from  a  single  source  ingot  of  bond  coats  of  graded 
chemistry  was  demonstrated  clearly.  The  gradient  was  achieved  in  thicknesses  totally 
compatible  with  aerodynamic  requirements  on  coated  jet  engine  components.  Some 
homogenization  occurred  during  reaction  of  the  Al-rich  deposits  with  the  Ni-superalloy 
substrates,  but  continuous  gradient  microstructures  still  resulted  from  heat  treatment. 

For  practical  coatings  it  may  be  desirable  to  deposit  at  a  sufficiently  high  substrate 
temperature  to  achieve  in  situ  reaction. 

5.3  Thermal  Properties  of  Nanocrystalline  Zirconia 

The  discussion  of  the  investigation  of  nanoceramicTBCs  consists  of  three  parts — - 
experimental  details,  results  and  discussion,  and  sununary  of  thermal  properties. 

Experimental  Details 

Nanocrystalline  powders  containing  0, 5.8,  8  and  15wt%  yttria,  corresponding  to  0, 3.3, 
4.5  and  8.8mol%  yttria  were  synthesized  by  theco-precipitation  method[84]. 
Commercially  available  5.3wt.%  (3mol%)  yttria  stabilized  zirconia  powder  from  TOSOH 
corporation,  Japan,  was  also  used  in  the  present  work.  Powder  characteristics  are  given  in 
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Table  5.2.  Crystallite  sizes  were  measured  by  X-ray  line  broadening  [58]  using  the  1 1 1 
tetragonal  peak.  Particle  sizes  were  measured  on  a  Horiba  CAPA-7(X)  particle  size 
analyzer  which  is  based  on  a  centrifugal  photo-sedimentation  technique.  The  TOSOH 
powders  are  made  up  of  spray  dried  granules  about  50p.m  in  diameter  which  in  turn  is 
maHft  up  of  agglomerates  about  300nm  in  size.  The  primary  crystallite  size  is  of  the  order 
of  35nm  though.  The  chemical  compositions,  in  wt.%,  of  the  5.8wt%  nanocrystalline  and 
TOSOH  powders  were  determined  by  inductively  coupled  plasma  spectroscopy  at  CELS, 
Laboratory  Services,  Coming,  New  York  and  are  listed  in  Table  5.3.  It  is  expected  that 
the  trace  element  levels  in  the  other  nanocrystalline  powders  are  similar  to  those  of  the 
5.8wt.%  composition  since  all  nanocrystalline  powders  were  produced  under  identical 
conditions. 


Table  5.2;  NanocrvstallinePowder  Characteristics 


Powders 

X-Ray  Crystallite 

Size  (nm) 

Specific  Surface 

Area  (m2/g) 

Mean  Particle 

Size  by  Number 

(nm) 

Mean  Particle 

Size  by  Volume 

(nm) 

Nanocrystalline 

(5.8  wt.  %) 

16 

61 

10 

30 

TOSOH 

35 

17 

- 

- 

Table  5.3:  Nanocrvstalline  Chemical  Compositions 


Constituents 

Y2O3 

Si02 

Hf 

A1,B. 

Ca,  Fe,  Ni,  Si 

Cr.Mg.Pb 

Nanocrystalline 

(5.8  wt.  %) 

5.88 

0.041 

0.3-1.0 

.003-.01 

0.001-0.003 

<0.001 

TOSOH 

5.30 

0.014 

- 

- 

All  powders  were  compacted  by  uniaxial  pressing  without  a  binder.  The  green  bodies 
were  sintered  in  air  to  yield  disc  shaped  samples  approximately  12  to  14  mm  in  diameter 
and  0.6  to  1mm  in  thickness.  The  sintered  densities  of  the  5.8wt.%  nanocrystalline 
samples  were  varied  from  63  to  100%  (based  on  a  theoretical  density  of  6.1  gm/cm3  for 
the  tetragonal  powders)  and  the  grain  sizes  from  30  to  150nm  by  using  various 


38 


combinations  of  sintering  time  (0.5-15  h)  and  temperature  (10{X)-115CPC).  All  other 
powders  were  sintered  at  times  and  temperatures  (1300°C  for  TOSOH  and  15wt.% 
zirconias  and  1 150°C  for  0wt%  and  8wt.%  zirconias)  necessary  to  produce  near 
theoretical  density.  Grain  sizes  less  than  1(X)  nm  were  determined  from  the  peak  widths  of 
the  1 1 1  tetragonal  peak  and  the  111  monoclinic  peak  using  the  Scherrer  equation.  The 
phase  compositions  in  wt.%  of  the  98%  dense  sintered  samples  determined  by  X-ray 
diffraction  using  the  integrated  intensities  of  the  relevant  peaks.  Sintered  densitiesp, 
were  measured  by  the  Archimedes  technique. 

Samples  used  for  specific  heat  capacity  measurements,  4  mm  diameter  and  1.5  mm 
thickness,  were  fabricated  out  of  fully  dense,  disc  shaped  samples  by  using  a  diamond 
tipped  core  drill. 

Thermal  diffusivities,a,  were  measured  by  the  laser  flash  technique[59]  at  the  Oak  Ridge 
National  Laboratory  on  a  Flashline  50(X)  Thermal  Diffusivity  System,  (Anter  Corporation, 
Pittsburgh,  Pa).  Prior  to  measuring  thermal  diffusivity,  the  samples  were  sputter  coated 
with  lOOOA  of  platinum  or  gold-palladium  alloy  to  make  them  opaque  and  then  with  a 
thin  layer  of  colloidal  graphite  to  ensure  complete  and  uniform  absorption  of  the  laser 
pulse  and  similar  surface  radiative  characteristics  in  all  the  samples.  All  the  measurements 
were  carried  out  from  100  to  1000°C  in  1(X)  degree  intervals,  in  nitrogen.  Three  samples 
were  used  for  each  combination  of  density  and  porosity,  and  three  measurements  were 
made  at  eveiy  temperature.  The  time-temperature  curves  were  analyzed  by  the  method  of 
Clark  and  Taylor,  [90]  which  takes  into  account  radiation  losses  and  uses  the  heating  part 
of  the  curve  to  calculate  thermal  diffusivity.  Specific  heat  capacities,  Q>,  were 

determined  in  the  temperature  range  of  lOO-lOOOPC  by  differential  scanning  calorimetry 
on  an  Omnitherm  DSC  1500  using  sapphire  as  the  baseline  standard. 

The  thermal  diffusivity,  specific  heat  and  density  were  used  to  calculate  the  thermal 
conductivity  (k)  according  to, 
k  =  a  p  Cp  (5.1) 
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Finally,  powders  containing  5.8, 8  and  15  wt.  %  yttria  were  pressed  into  disc  shaped 
samples  with  a  green  density  of  about  50%  of  theoretical  density  and  were  aged  in  air  at 
1000°C  for  up  to  1000  hrs. 

Results  and  Discussions: 

Phase  Composition:  The  phase  compositions  of  the  nano-powders  in  wt.%  used  are  listed 
in  Table  5.4.  The  TOSOH  powders  were  100%  tetragonal. 


Table  5.4:  Phase  Compositions 


0.0 

5.8 

8.0 

15 

Monoclinic 

100 

- 

- 

100 

77 

. 

Cubic 

- 

23 

100 

Specific  Heat  Capacities  The  specific  heat  capacity  vs.  temperature  curves  for  the  samples 
in  Table  5.4  and  samples  made  out  of  the  TOSOH  powders  are  plotted  in  Figure  5.1 1. 
These  values  are  similar  to  the  specific  heat  values  of  EB-PVD  and  APS  TBC's  in 
literature  [91]  This  indicates  that  the  specific  heat  is  insensitive  to  microstructure. 

Effect  of  Grain  Size.  Porosity  and  Temperature  on  Thermal  Conductivity  of  5.8  wt.  % 
YSZ:.The  effects  of  varying  grain  size,  porosity  level  and  temperature  on  the  thermal 
conductivity  of  the  5.8wt.%  yttria  stabilized  nanocrystalline  tetragonal  zirconia  are 
summarized  in  Figure  5.12.  There  is  almost  no  effect  of  temperature  on  thermal 
conductivity  except  for  the  63%  dense  sample  in  which  the  slight  increase  in  thermal 
conductivity  at  temperatures  above  600°C  is  attributed  to  strong  radiation  contributions 
because  of  the  porosity.  Data  fall  in  groups  by  the  porosity  level  and  not  the  grain  size. 
Within  each  porosity  level  there  appears  to  be  no  discernible  effect  of  varying  the  grain 
size.  Problems  with  sample  fabrication  and  the  fact  that  it  is  not  possible  to  entirely 
separate  grain  growth  and  densification  during  sintering  prevented  the  variation  of  sintered 
density  at  lower  grain  sizes.  Hence,  it  cannot  be  said  with  certainty  if  the  absence  of  grain 
size  effects  extends  down  to  30  nm  and  below.  While  the  temperature  independence  is 
typical  of  the  thermal  conductivity  of  stabilizedzirconia,[92]  which  is  strongly  dominated 
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by  oxygen  vacancy  scattering,  the  present  study  shows  that  this  scattering  mechanism  is  so 
dominant  that  grain  sizes  as  low  as  50  nm  are  ineffective  in  causing  any  additional 
reduction  in  conductivity. 

As  can  be  seen  from  the  same  Figure,  porosity  has  a  significant  effect  on  reducing  the 
thermal  conductivity.  In  order  to  determine  whether  the  entire  drop  in  conductivity  is  due 
only  to  porosity  effects,  a  composite  model.  Equation  5.2,  was  used. 

'M'l  1/4 

K  =  ksolid  Vsolid  +kporeVpore  (5.2) 

This  equation,  which  is  an  interpolation  formula,  relates  the  effective  thermal  conductivity 
of  the  composite,  k,  to  the  thermal  conductivities  of  its  constituent  solid  and  pore  phases 
and  their  volume  fractions,  V.  The  model  [93]  is  valid  in  the  whole  range  of 
porosity  for  a  two  phase  structure  with  a  continuous  solid  phase  and  homogeneously 
distributed  porosity,  as  was  the  case  in  the  samples  used.  The  thermal  conductivity  data 
for  the  dense  tetragonal  zirconia  samples  were  used  forksolid-  This  was  done  only  on 
data  gathered  at  100°C  to  avoid  the  complications  arising  out  of  radiation  contributions  as 
much  as  possible.  In  the  absence  of  radiation  contributions,kpore  in  the  second  term, 
whose  effect  is  negligible,  could  vary  between  zero  to  the  thermal  conductivity  of 
nitrogen.  The  results  of  the  calculations,  withkpore  taken  as  zero,  are  compared  with 
measured  values  in  Figure  5.13.  The  measured  values  of  thermal  conductivity  are  still 
lower  than  those  predicted  by  the  above  model  and  the  difference  increases  with  reducing 
bulk  density.  The  reason  for  this  difference  is  not  clear.  Significant  errors  associated  with 
the  measurements  of  Vsolidand  Vpore  in  individual  samples  are  unlikely  and  the  value 
assigned  to  kpore  is  at  its  most  conservative.  A  possible  explanation  for  the  lower 
measured  values  is  that  the  thermal  conductivity  of  the  solid  phase  in  low  density  samples 
is  for  some  reason  less  than  that  of  the  fully  dense  solid — perhaps  due  to  incomplete 
bridging  between  neighboring  particles  or  the  complex  morphology  of  the  pores. 

Effect  of  Yttria  Content  on  the  Thermal  Conductivity  of  YSZ  The  effect  of  yttria  content 
on  the  thermal  conductivity  vs  temperature  plots  is  shown  in  Figure  5.14.  Atomic  defect 
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scattering,  as  in  the  tetragonal  zirconia  of  Figure  5.12,  is  responsible  for  the  insensitivity  of 
thermal  conductivity  to  temperature  in  the  8  and  15wt.%  yttria  samples.  At  a  given 
temperature,  the  decrease  in  thermal  conductivity  with  larger  yttria  contents  is  consistent 
with  oxygen  vacancies  playing  the  dominant  role  in  phonon  scattering.  It  is  noteworthy 
that  while  there  is  a  relatively  large  drop  in  conductivity  in  going  from  5.8  to  8wt.%  yttria, 
a  further  increase  in  yttria  content  to  about  15wt%  does  not  cause  a  proportionate 
decrease  in  conductivity.  The  thermal  conductivities  for  the  monoclinic  zirconia  were 
calculated  using  values  of  specific  heat  from  the  literature  [94].  It  is  stressed  that  the 
monoclinic  zirconia  is  pure  zirconia  with  a  grain  size  of  63  nm,  with  no  stabilizer  additions 
and  having  impurity  contents  similar  to  the  indigenously  produced  5.8wt.%  nanocrystalline 
tetragonal  zirconia.  The  strong  temperature  dependence  of  thermal  conductivity  in  the 
monoclinic  material  shows  that  even  in  the  absence  of  oxygen  vacancies,  defect  scattering 
is  not  the  dominant  mechanisth.  The  thermal  conductivity  of  monoclinic  zirconia  has  been 
re-plotted  in  Figure  5.15  against  1/T.  The  linear  variation  ofk  with  l/T  is  characteristic  of 
phonon  scattering  by  Umklapp  processes  (phonon-phonon  scattering)  above  the  Debye 
temperature  (about  230°  C  for  zirconia  [95]).  This  suggests  that  even  in  the  absence  of 
defects  a  grain  size  of  63nm  is  still  not  sufficiently  small  to  observe  any  grain  boundary 
scattering  effects. 

Data  from  the  present  work  has  been  compared  with  thermal  conductivity  of  APS  and  EB- 
PVD  yttria  stabilized  zirconia  coatings  from  the  literature  in  Figure  5.16.  It  can  be  seen 
that  the  thermal  conductivities  of  96%  dense  8wt  %  yttria  stabilized  zirconia  are  only 
slightly  higher  than  that  of  the  EB-PVD  coating  with  7wt%  yttria  despite  the  fact  that  the 
latter  has  a  density  of  only  84%  (theoretical  densities  are  6.056  gm/cm3  and  6.049 
gm/cm3  for  the  8wt.%  and  7wt.%  compositions  respectively  [96]).  Given  the  large 
impact  of  porosity  on  conductivity,  it  is  expected  that  a  reduction  in  the  bulk  density  of  the 
nanocrystalline  8wt%  yttria  stabilized  zirconia  to  about  80%  should  yield  values  of 
conductivity  lower  than  the  EB-PVD  coatings.  Another  factor  that  needs  to  be 
considered  is  that  both  the  EB-PVD  and  the  APS  coatings  are  susceptible  to  an  increase  in 
conductivity  on  thermal  aging,  though  compared  to  the  APS  coatings,  EB-PVD  coatings 
are  more  resistant  to  this  phenomenon.  Even  though  the  APS  coatings  have  low  initial 
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conductivity,  after  aging  at  KXXf  C  for  1000  hours  their  thermal  conductivities  increase  by 
as  much  as  1.6  times  the  original  value.  The  potential  thus  exists  for  developing  porous, 
nanocrystalline  yttria  stabilized  zirconia  coatings  with  conductivities  lower  than  that  of  the 
presently  available  coatings.  However,  their  success  would  also  depend  on  an  increased 
resistance  to  thermal  aging. 

Thffi-mal  aginy  The  change  in  density  (gm/cm3)  with  time  at  1000°C  for  the  various  YSZs 
is  tabulated  below.  As  expected  samples  made  with  the  TOSOH  powder,  smaller  specific 
surface  area  and  hence  lesser  sinterability,  are  more  resistant  to  aging  as  compared  to 
samples  made  with  nanopowders.  It  is  also  interesting  to  note  that  the  cubic 
nanocrystalline  YSZ  (15  wt  %  Y203)  powders  are  more  resistant  to  aging  than  the 
nanocrystalline  5.8  wt.  %  Y203  powders  in  spite  of  having  similar  starting  powder 
characteristics. 


Table  S.S:  Effect  of  Aging  of  Nanocrvstalline  at  1000”C  on  Relative  Density 


Time 

24  hours 

500  hours 

grain  size,  5.8wt%  YSZ 
nanocrystalline 

69nm 

84nm 

85nm 

88nm 

grain  size,  5.6wt%  YSZ 
TOSOH 

51 

56 

56 

56 

grain  size,  15wt%  YSZ 
nanocrystalline 

54 

68 

72 

72 

Summary  of  Thermal  Properties 

Thermal  conductivity  of  dense  5.8wt%  YSZ  is  independent  of  grain  size  between  about 
400  nm  and  70  ran.  Thermal  conductivity  at  grain  sizes  >/=  50  ran  is  dominated  by 
oxygen  vacancy  scattering  and  porosity  effects. 

Reduction  in  conductivity  with  bulk  density  of5.8wt.%  YSZ  is  largely  due  to  porosity  but 
may  have  non-grain-size-related  contributions  from  the  solid  phase. 

The  thermal  conductivity  of  nearly  dense  pure  monoclinic  is  dominated  by  the  Umklapp 
process  (phonon-phonon  scattering), and  not  defect  scattering  in  spite  of  a  very  small 
grain  size  (63 ran). 

Structures  produced  from  the  TOSOH  and  15  wt.  nanocrystalline  YSZ  powders  are  more 
resistant  to  thermal  aging  than  are  structures  from  the  5.8  wt.  nanocrystalline  YSZ 
powders. 
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6.0  Summary  of  Technical  Results 
FGM  Materials  Properties  and  Modeling 

•  It  appears  possible  to  essentially  match  the  expansion  behavior  of  YS2TBCs  using 
alloys  which  are  combinations  of  metal  phasesaCr,  PNiAl,  andyNi. 

•  Building  gentle  gradient  structures  in  all-metallic  materials  can  involve  simple  variation 
of  the  proportion  of  a  phase  through  the  thickness  of  the  FGM. 

•  It  may  be  necessary  to  modify  FGM  microstructures  and  chemistries  to  promote  better 
oxidation  resistance  (a  richer  A1  source  within  the  FGM),  and  to  develop  greater  phase 
stability  if  TBC/FGM  interface  temperatures  exceed  1000°C. 

•  The  possibility  of  stress  reduction  in  the  TBC  in  such  ai  FGM  material  system  is  very 
promising. 

Fabrication  of  FGMs 

•  The  possibility  of  deposition  from  a  single  source  ingot  of  bond  coats  of  graded 
chemistry  was  demonstrated  clearly. 

•  The  gradient  was  achieved  in  thicknesses  totally  compatible  with  aerodynamic 
requirements  on  coated  jet  engine  components 

•  Some  homogenization  occurred  during  reaction  of  the  Al-rich  deposits  with  the  Ni- 
superalloy  substrates,  but  continuous  gradient  microstructures  still  resulted  from  heat 
treatment. 

•  For  practical  coatings  it  may  be  desirable  to  deposit  at  a  sufficiently  high  substrate 
temperature  to  achieve  in  situ  reaction. 

Thermal  Properties  of  Nanocrystalline  Zirconia 

•  Thermal  conductivity  of  dense  5.8wt%  YSZ  is  independent  of  grain  size  between 
about  400  nm  and  70  nm. 

•  Thermal  conductivity  at  grain  sizes  >/=  50nm  is  dominated  by  oxygen  vacancy 

scattering  and  porosity  effects.  * 

•  Reduction  in  conductivity  with  bulk  density  of  5.8wt.%  YSZ  is  largely  due  to  porosity 
but  may  have  non-grain-size-related  contributions  from  the  solid  phase. 
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•  The  thermal  conductivity  of  nearly  dense  pure  monoclinic  is  dominated  by  the 
Umklapp  process  (phonon-phonon  scattering), and  not  defect  scattering  in  spite  of  a 
very  small  grain  size  (63nm). 

•  Structures  produced  from  the  TOSOH  and  15  wt.  nanocrystalline  YSZ  powders  are 
more  resistant  to  thermal  aging  than  are  structures  from  the  5.8  wt.  nanocrystalline 
YSZ  powders. 
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FIGURE  CAPTIONS 


Figure  1-1.  By  incoiporating  high-conductivity  low-expansion  materials — such  asCrvCs — ^in  the  FGM, 
improved  thermal  system  reliabilitymay  be  achieved  while  maintaining  cuirenttemperature  profiles  in  the 
outermost  metallic  bond  coat  region. 

Figure  3-1.  For  current  thermal  barrier  systems,  the  sharp  discontinuity  in  both  thermal  expansion  and 
thermal  conductivity  at  the  bond  coat/TBC  interface  leads  to  large  interface  stresses. 

Figure  3-2.  For  the  illustrated  two-layerbondcoat  with  stepwise  reduction  in  thermal  expansion 
(67%metal+33%ceramic  followed  by  33%metal+67%ceramic),  expansion  mismatch  is  partially 
accommodated  over  the  bond  coat  thickness.  However,  the  parallel  reduction  in  thermal  conductivity 
through  the  bond  coat  leads  to  anincreased  metal  temperature  (T  35)  at  the  TBC  interface. 

Figure  3-3.  Three  modes  of  delamination  failure  observed  in  TBC  systems:  (1)  free-edge  delamination: 

(2)  buckling  failure  far  from  free  edges;  (3)delamination  from  transverse  cracks.  Arrows  indicate  loadings 
in  the  TBC. 

Figure  3-4.  Multilayer  graded  coatings  used  in  diesel  engineTBCs  by  (a)  Cateipillar  and  (b) 
CumminsAJTRC  [40]. 

Figure  4-1.  Using  a  high-conductivity  low-expansion  component  in  the  region  graded  with  metal,  the 
thermal  expansion  mismatch  is  acconunodated  over  the  graded  thickness  without  aincreased  metal 
temperature  in  the  region  adjacent  to  the  insulating  ceramic. 

Figure  4  Jl.  For  FGMs  with  continuous  gradients  from  the  metallic  substrate  to  FGM  outer  ceramic,  the 
high-conductivity  FGM  achieves  interface  temperature  comparable  to  the  monolithic  metabond  coat, 
while  it  achieves  expansion  accommodation  comparable  to  the  low-conductivity  FGM. 

Figure  4-3.  Metal  carWdes  and  refractory  metals  have  thermal  conductivity  similar  to  metal  substrate 
materials,  but  thermal  expansion  similar  to  the  insulating  ceramic  materials  [74].  Using  different  blends  of 
metal,  metal  carbide,  refractory  metal,  and  ceramic,  gradients  in  thermal  expansion  and  thermal 
conductivity  can  be  uncoupled  to  control  stress  distribution  throughout  the  FGM. 

Figure  4-4.  The  ternary  phase  diagram  forCr-O-Zr  [75]  and  schematic  quaternary  phase  diagram  Cr-0- 
Zr-C  indicate  an  example  candidatesystem  for  a  high-conductivity  FGM.  High-conductivity  low -expansion 
chromium  metal  carbides  can  be  isolated  from  insulatingzirconia  by  using  an  interlayer  of  Cr203. 

Figure  5-1.  Approximate  locations  in  NiCr-Al-C  quaternary  space  for  the  candidate  alloys.  Low- 
expansion  alloys  1-4  contain  ~45volume  percent  of  aCr  plus  M7C3.  The  microstructure  of  alloy  2  after 
equilibration  at  1 100®Cis  shown  as  an  example  Tbe  large  bright  phase  is  M7C3,  the  small  bright  phase 
is  aCr,  the  light  gray  phase  is  pNiAl,  and  the  dark  matrix  is  “yNi  solid  solution. 

Figure  5-2.  Estimates  used  in  the  stressAemperature  model  of  expansion,  thermal  conductivity,  modulus 
and  specific  heat,  as  functions  of  temperature,  for  the  bond  coat  alloys. 

Figure  5-3.  FGM  bond  coat  case  studies  were  done  for  a  number  of  piaterials  combinations  using  the 
labeling  format  illustrated. 

Figure  5-4.  FGM  bond  coat  case  studies  were  carried  out  for  three-layer  bond  coats  of  0.1  mm  thickness, 
with  individual  layer  thicknesses  as  noted  for  cases  A,  B  and  C. 
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Figure  5-5.  Stress  distribution  from  the  substrate  through  to  the  TBC  surface  are  illustrated  for  Case  A 
conditions,  for  four  different  outer-bond  coat  alloys  and  two  different  mid-bond  coat  alloys,  all  with  alloy  7 
as  the  iimer  bond  coat  alloy. 

Figure  5-d  Thermal  expansion  behaviormeasured  for  alloys  1-4,  compared  toyttria  stabilized  zirconia. 

Figure  5-7.  Weight  change  in  cyclicoxidation  for  alloys  1-4: 50  minutes  at  1 100°C  and  10  minutes  for 
cooling  cycle.  Microstructure  of  oxidized  alloy  2  after  525  cycles  to  1  lOOX!  is  also  illustrated.  The  outer 
oxidized  surface  is  out  of  view  atthe  bottom.  The  unaltered  structure  is  at  the  extreme  top  of  the 
micrograph.  Substantial  depletion  of  A1  fiom  the  structure  has  eliminated  theNiAl  phase  from  the  outer 
regions  of  the  sample.  Internal  oxidation  has  led  toattack  of  the  Cr-rich  phases,  both  a  (shown  here)  and 
the  carbide  (not  shown). 

Figure  5-&  Vapor  pressureAemperature  relations  for  pure  elements  can  be  used  to  estimate  aUoy 
evaporation.  The  binary  Al-Si  phase  diagram  is  superimposed  on  the  plot,  with  pure  A1  at  the  left  and  pure 
Si  at  the  right.  As  the  pool  is  melted  by  the  0.5KW  electron  beam,  and  then  is  subjected  sequentially  to 
higher  beam  powers,  the  pool  temperature  increases  and  evaporation  begins,  with  A1  evaporating 
proportionately  faster  ihanSi.  The  initial  regions  of  the  deposit  are  Al-rich,  with  the  remnant  pool  enriched 
in  Si.  At  the  highest  power  levels,  the  pool  has  been  enriched  sufficiently  irSi  so  that  significant  Si  is 
evaporating  as  the  pool  is  being  depleted  toward  zero  volume. 

Figure  5-9.  Vapor  pressureAemperature  relations  for  evaporation  of  pureCr,  Si,  Zr  and  A1  are  useful  for 
understanding  the  measured  chemical  gradients  for  binary  AlCr,  Al-Si,  and  Al-Zr  deposition  under 
increasing  power  shown  in  Rgure  5-8.  The  substrates  are  off  the  plots  to  the  left,  so  that  only  the  deposit 
chemistries  are  shown.  The  initial  deposited  material  is  Al-enriched,  with  the  last  regions  deposited  being 
rich  in  the  lower-vapor  pressure  solute  element. 

Figure  5-10.  Evaporation  of  a  complex  Al-Cr-Si-Y  alloy  of  fixed  source  volume  results  in  a  similar 
chemical  gradation  as  did  the  binaiy  alloys.  Even  after  heat  treatment  tdiquate  the  coating  and  react  it 
with  the  substrate,  retention  of  chemical  gradients  results  in  Cr3Si  anda  Cr  phases  in  the  outer  portions  of 
the  coating  structure. 

Figure  5-11.  Specific  heat  capacity  of  zirconia 

Figure  5-12.  Thermal  conductivity  as  a  fimction  of  temperature  in  nanocrystalline  tetragonalzirconia 
(5.8  wt.  %  yttria).  Densities  (%  of  theoretical)  and  grain  diameters  (innm)  are  also  indicated 

Figure  5-13.  Comparison  of  conductivities  measured  at  1(X)C  in  nanocrystalline  zirconia  (5.8wt% 
yttria)  with  those  calculated  from  Equation  5. 

Figure  5-14  Effect  of  yttria  content  on  thermal  conductivity.  Phases  present  in  the  samples  are  as 
follows:  M=monoclinic,T=tetragonal,  C=cubic.  Densities  (%  of  theoretical)  and  grain  diameters  (in 
nm)  are  also  shown. 

Figure  5-15.  Thermal  conductivity  of  pure  monoclinic  zirconia  (98%  dense,  63  nm  grain  diameter)  vs 

l/T. 

Figure  5-16.  Comparison  of  thermal  conductivity  for  nanocrystalline  zirconias  of  the  present  study  (open 
symbols)  with  comparable  data  for  commercial  zirconia  thermal  barrier  coatings  (closed  symbols). 
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Figure  1-1 
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k(metal)=k(bond  coat)»k(thermaI  barrier) 
a(metal)=a(bond  coat)»a(thermal  barrier) 
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Figure  3-4 
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Figure  4-2 
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Figure  5-1 
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Figure  5-8 
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Figure5.ll.  Specific  heat  capacity  of  zirconia 
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Figure  5.12.  Thermal  conductivity  as  a  function  of  temperature 
in  nanocrystalline  tetragonal  zirconia  (5.8  wt.  %  yttria).  Densities 
(%  of  theoretical)  and  grain  diameters  (in  nm)  are  also  indicated 
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Figure  5.13.  Comparison  of  conductivities  measured  at  1(X 
in  nanocrystalline  zirconia  (5.8wt%  yttria)  with  those 
calculated  from  Equation  5. 
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Figure  5.14.  Effect  of  yttria  content  on  thermal  conductivity. 
Phases  present  in  the  samples  are  as  follows:  M=monoclinic, 
T=tetragonal,  C=cubic.  Densities  (%  of  theoretical)  and 
grain  diameters  (in  nm)  are  also  shown. 


Figure  5.15.  Thermal  conductivity  of  pure  monoclinic 
zirconia  (98%  dense,  63  nm  grain  diameter)  vs  lA" 
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FIGURE  5.16.  Comparison  of  thermal  conductivity  for  nanocrystalline 
zirconias  of  the  present  study  (open  symbols)  with  comparable  data 
for  commercial  zirconia  thermal  barrier  coatings  (closed  symbols) 
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Dr.  SrinivasanRaghavan  and  Professor  Merrilea  Mayo  of  the  Department  of  Materials 
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